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AHSTRACT 

A .superconducting magnetic coil includes a plurality of sections positioned axtally along the 
longitudinal axis of the coil, each section being formed of an anisotropic high temperature 
5 superconductor material wound about a longitudinal axis of the coil and having an associated 
critical current value that is dependent on the orientation of the magnetic field of the coil. The 
cross section of the superconductor, or the type of superconductor material, at sections along 
the axial and radial axes of the coil are changed to provide an increased critical current at 
those regions where the magnetic field is oriented more perpendicularly to the conductor 
10 plane, to thereby increase the critical current at these regions and to maintain an overall 
higher critical current of the coil. 
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SUPERCONDUCTING MAGNETIC COIL 

The invention relates to superconducting magnetic coils and methods for 
manufacturing them. 

As is known in the an, the most spectacular property of a superconductor is the 
disappearance of its electrical resistance when it is cooled helow a critical temperature T c . 
Another important property is the destruction of superconductivity by the application of a 
magnetic field equal to or greater than a critical field He. The value of H e . for a given 
superconductor, is a function of the temperature, given approximately by 

where H e , the critical field at 0°K, is, in general, different for different superconductors. 
For applied magnetic fields less than the flux is excluded from the bulk of the 
superconducting sample, penetrating only to a small depth, known as the penetration depth, 
into the surface of the superconductor. 

The existence of a critical field implies the existence of a critical transport electrical 
current, referred to more simply as the critical current of the superconductor. The 
critical current is the current which establishes the point at which the material loses its 
superconductivity properties and reverts back to its normally conducting state. 

Superconducting materials are generally classified as either low or high 
temperature superconductors operating below or at 4.2°K and below or at I08°K, 



respectively. High temperature superconductors (KTS) , 
such as those made from ceramic or metallic oxides are 
anisotropic , meaning that they generally conduct better 
in one direction than another. Moreover, it has been 
observed that, due to this anisotropic characteristic, 
the critical current varies as a function of the 
orientation of the magnetic field with respect to the 
crystal lographic axes of the superconducting material. 
High temperature oxide superconductors include general 
Cu-O- based ceramic superconductors, members of the rare- 
earth-copper-oxide family (YBCO), the thallium-barium- 
calcium-copper-oxide family (TBCCO) , the mercury -bar i urn - 
calcium-copper-oxide family (HgBCCO) , and BSCCO compounds 
containing stoichiometric amounts of lead 
(ie. , (Bi,Pb) 2 Sr 2 Ca 2 Cu 3 O 10 ) . 

High temperature superconductors may be used to 
fabricate superconducting magnetic coils such as 
solenoids, racetrack magnets, multipole magnets, etc., in 
which the superconductor is wound into the shape of a 
coil. When the temperature of the coil is sufficiently 
low that the conductor can exist in a superconducting 
state, the current .carrying capacity as well as the 
magnitude of the magnetic field generated by the coil is 
significantly increased. 

In fabricating such superconducting magnetic 
coils, the superconductor may be formed in the shape of a 
thin tape which allows the conductor to be bent around 
relatively small diameters and allows the winding density 
of the coil to be increased. The thin tape is fabricated 
as a multi-filament composite superconductor including 
Individual superconducting filaments which extend the 
length of the mu It i -filament composite conductor and are 
surrounded by a matrix-forming material, which is 
typically silver or another noble metal. Although the 
matrix forming material conducts electricity, it is not 
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superconducting. Together, the superconducting filaments and the matrix-forming 
material form the multi-filament composite conductor. In some oppltcauons, the 
superconducting filaments and the matrix-forming material are encased in an insulating 
layer. *l"he ratio of superconducting material to matrix- forming material is known as the 
5 "fill factor" and is generally between 30 and 50%. When the anisotropic superconducting 
material is formed into a tape, the critical current is often lower when the orientation of an 
applied magnetic field is perpendicular to the wider surface ol" the tape, as opposed to 
when the field is parallel to this wider surface. 



10 In accordance with the present invention, there is provided a magnetic coil 

comprising sections positioned axiaily along a longitudinal axis of the coil, each section 
including a high temperature superconductor wound about the longitudinal axis of the coil, 
each section having regions with critical current values, measured at a zero magnetic field, 
increasing in value from a central portion of the coil to end portions of the coil. 



15 
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ITie present invention also provides a magnetic coil comprising sections positioned 
axiaily along a longitudinal axis of the coil, each section including a high temperature 
superconductor wound about the longitudinal axis of the coil, each section having regions 
with critical current values, the critical current values being substantially equal when a 
preselected operating current is provided through the superconducting coil. 



Controlling the geometry and/or type of anisotropic superconductor wound around 
a superconducting coil, increases an otherwise low critical current characteristfc, 
associated with a region of the coil caused by the orientation of a magnetic field, thereby 
25 increasing the current carrying capacity and center magnetic field produced by the 
superconducting coil. 



Generally, for a superconducting solenoid having a uniform distribution of high 
temperature superconductor wound along its axial length, the magnetic field lines 
emanating from the coil at its end regions become perpendicular with respect to the plane 
^ of the conductor (the conductor plane being parallel to the wide surface of the 
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superconductor tape) causing the critical current density at these regions to drop 
significantly. In fact, the critical current reaches a minimum when the magnetic field ib 
oriented perpendicularly with respect to the conductor plane. Although the critical current 
density is relatively high at the regions more centra) to the coil, the sharp decrease in the 
critical current density at the end regions provides an overall decrease in the 



current carrying capacity of the coil in its 
superconducting state. 

Increasing the critical current value at the 
regions where the magnetic field is oriented more 
5 perpendicularly to the conductor plane can be provided in 
a number of ways. 

"Bundling" the amount of superconductor, by increasing 
the number of strands of the superconductor connected in 
parallel provides a greater cross section, thereby 

10 increasing the critical current at low i c regions. With 
this arrangement, the same type of superconductor, 
usually from the same superconductor tape manufacturing 
run, is used for the different sections of the coil. 
Varying the bundling of superconductor can be 

15 accomplished along the axis of the superconducting coil, 
for example, from one pancake section to the next, as 
well as within the pancake itself where the conductor 
cross -sectional area changes radially from the inner part 
to the outer part of the coil. 

20 On the other hand, different superconductors 

having different fill factors may be used to distribute 
the amount of superconductor to control the critical 
current at the different sections of the coil. In still 
another arrangement, altogether different high 

25 temperature superconductors having different l c 

characteristics may be used for the different sections of 
the coil. 

Because the magnetic field associated with a 
superconducting coil is directly related to the current 

30 carrying capacity of the coil, a concomitant increase in 
the magnetic field provided by the coil is also achieved. 
Even in applications where the volume of superconductor 
used for the coil is desired to be maintained 
substantially constant, and bundling of the 

35 superconductor requires that the number of turns 
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associated with that section of the coil be reduced, the 
decrease in magnetic field at the regions of the coil 
associated with such sections does not significantly 
effect the magnitude of the magnetic field at the center 
5 region of the coil. Adjusting the geometry of the 
sections of the coil also provides, to some extent, a 
desired field distribution profile, while maintaining a 
higher critical current density of the coil. 

Moreover, other problems commonly encountered with 

10 multi-sectioned uniform current density superconducting 
coils can be alleviated. For example, each section of a 
multi-sectioned uniform current density superconducting 
coil has an associated critical current value dependent 
on the orientation of the field incident on that section 

15 at any given time. in a uniform current density coil, 
where all of the sections are uniformly wound with the 
same amount of superconductor, certain sections 
(generally those at the end regions of the coil) will 
have critical current values significantly less than 

20 those positioned at the center of the coil. Unless the 
superconducting coil is operated at a critical current 
less than the lowest critical current value of the 
sections, the section with the lowest l e will operate in 
its normal non-superconducting state. In some 

25 situations, flawed sections of the superconductor, for 
example, during its manufacture, will have an l c value 
significantly lower than other sections of the 
superconductor. Current passing through a normally 
conducting section, generates I 2 R losses in the form of 

30 heat which propagates along the length of the 

superconductor to adjacent sections. Due to the heat 
generated in the normally conductive section, adjacent 
sections begin to warm causing them to become non- 
superconducting. This phenomena, Known as "normal-zone 

35 propagation** causes the superconducting characteristic of 
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these sections to degrade which leads to the loss of 
superconductivity for the entire coil, referred to as « 
"quench". 

Because the critical current values associated with 
each of the individual sections (measured with respect to 
the orientation of the field incident on that section) ot" a 
graded superconducting coil have I c values closer to each 
other, the coil can be operated at a higher overall critical 
current. An additional advantaqe of maintaining a small 
difference between the critical curreni. values of the 
individual sections of the superconducting coil is that a 
relatively quick transition to the overall critical current 
of the coil is obtained. Thus in the event that the coil 
reverts from the superconducting state to a normal state 
(quenches), the inductive energy stored in the coil is 
distributed uniformly throughout the coil rather than being 
i localized where it might cause damage due to heating. 

20 x n one aspect of the invention, a magnetic coil 

features a plurality of sections positioned axially along 
a longitudinal axis of the coil, each section including a 
high temperature superconductor wound about the 
longitudinal axis of the coil, and having regions with 

25 critical current values, measured at a rero magnetic 

field, which increase in value from a central portion of 
the coil to end portions of the coil. 

Particular embodiments of the invention include 
one or more of the following features. The critical 

30 current value of each section is dependent on the angular 
orientation of the magnetic field of the coil and is 
selected to provide a desired magnetic field profile for 
the coil. The critical current value of each section can 
be selected by varying the cross-sectional area of the 

35 superconductor of at least one section or by changing the 
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type of superconductor or afc least one section. The 
superconductor may be a mono-filament or a multi-filament 
composite superconductor including individual 
superconducting filaments which extend the length of the 
multi -filament composite conductor and are surrounded by 
a matrix-forming material. The number of individual 
superconducting filaments associated with a first one of 
the plurality of sections may be different than the 
number of individual superconducting filaments associated 
with a second one of the plurality of sections. The 
cross-sectional area of the superconductor is varied in a 
direction parallel to the longitudinal axis of the coil, 
and increases for the sections positioned at the central 
portion of the coil to the sections positioned at the end 
15 portions of the coil. The cross-sectional area of the 
superconductor is varied in a direction transverse to the 
longitudinal axis of the coil and decreases from regions 
proximate to the inner radial portion of the coil to the 
outer radial portion of the coil. The orientation of the 
20 individual tape-shaped superconducting filaments is other 
than parallel with respect to a conductor plane defined 
by a broad surface of the tape. The sections of the 
superconductor are formed of pancake or double pancaJce 
coils and the cross -sectional area of the superconductor 
25 is varied by increasing the number of strands of 
superconductor connected in parallel. The high 
temperature superconductor comprises Bi 2 Sr 2 Ca 2 cu 3 0. 

In another aspect or the invention, a 
superconducting magnetic coil features sections, 
30 positioned axially along a longitudinal axis of the coil, 
including a high temperature superconductor wound about 
the longitudinal axis of the coil, and each section 
having regions with critical current being substantially 
equal when a preselected . operating current is provided 
35 through the superconducting coil. 
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A method for providing a superconducting magnetic 
coil including a plurality of sections positioned axially 
along the axis, with each section being formed of a 
preselected high temperature superconductor material wound 
5 about a longitudinal axis of the coil and having an 
associated critical current value, and each section 
contributing to the overall magnetic field of the coiJ, 
features the following steps: 

10 »> positioning the sections along the axis of 

the coil to provide a substantially unifora distribution 
of superconductor material along the axis of the coil; 

b) determining critical current data for each of 
the sections on the basis of the superconductor material 

15 associated with each section and the magnitude and angle 
of a magnetic field; 

c) determining a distribution of magnetic field 
magnitude and direction values for a set of opaced-apart 
points within the magnetic coil; 

20 d) determining critical current values for each 

of the points within the coil baaed on the distribution 
of magnetic field magnitude and direction values and the 
critical current data; 

e> determining contributions toward the overall 

25 magnetic field of the coll from each of the sections; 

f) determining a critical current value for the 
coil and for each section positioned along the axis of 
the coil; and 

g) changing the critical current value of at 

30 least one section of the coil to provide critical current 
values for each section substantially eguivalent to each 
other . 

In preferred embodiments, the method features one 
or more of the following additional steps. Steps c) 
through g) are repeated until the critical current values 
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of each of the sections based on the distribution are 
within a desired range of each other. The step of 
changing the critical current value of at least one 
section of the coil includes changing the type of 
superconductor or increasing the cross-sectional area of 
the superconductor Material associated with sections of 
the superconductor that are axial ly or radially distant 
from the center of the coil for at least one section of 
the coil. The step of determining a critical current 
value for each section positioned along the axis of the 
coil includes the step of determining an average critical 
current value for each section, the average critical 
current value based on values of critical current 
associated with points extending either axially away or 
15 radially away from the center. The step of changing the 
critical current value of at least one section of the 
coil Includes increasing the cross section of the 
superconductor material associated with sections of the 
superconductor that are away from the center of the coil. 
20 The step of determining critical current data for each of 
the sections of the coil further features the steps of 
measuring the critical current of the superconductor 
Material associated with each section at a number of 
different magnitudes and angles of an applied background 
magnetic field, and extrapolating critical current data 
for unmeasured magnitudes and angles of a background' 
magnetic field. 

With this aethod, a superconducting coil having a 
predetermined volume of superconductor aay have sections 
in which their geometries (for example, cross -sectional 
area) are changed along both the longitudinal and radial 
axes of the superconducting coil, thereby increasing the 
current carrying capacity and center magnetic field 
without increasing the volume of superconductor in the 
35 coll. 
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The invention is described in greater detail 
hereinafter, by way of example only, with reference to the 
accompanying drawings, wherein: 

Fig. 1 is a perspective view of a multiply ttacksd 
5 superconducting coil having "pancake** coils. 

Pig. 2 is a cross-sectional view of Fig. l taken 
along line 2-2. 

Fig. 3 is a graph shoving normalized critical 
current as a function of magnetic field in units of 
10 Tesla. 

Fig. 4 is a view of the coil shoving the 
conductors partially pee led -away. 

Fig. 5 illustrates a coil -winding device. 

Fig. 6 is a flow diagram describing the method of 
15 making the superconducting coll of the invention. 

Fig. 7 is a plot shoving the total magnetic field 
distribution within a superconducting coil having a 
uniform current distribution. 

Fig. 6 is a plot shoving the distribution of a 
20 magnetic field oriented perpendicularly to the conductor 
plane within the uniform current density superconducting 
coil. 

Fig. 9 is a plot shoving the normalized critical 
current distribution within the uniform current density 
25 superconducting coil. 

Fig. 10 is a graph shoving the average normalized 
critical current distribution as a function of the axial 
length of the uniform current density superconducting 
coil. 

30 Fig. 11 is a graph shoving the voltage-current 

characteristic of a superconducting coil. 

Fig. 12 is a plot shoving the critical current 
distribution divided among regions for a superconducting 
coil. 
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Fig. 13 is a plot shoving the magnetic field 
distribution within a non-optimum superconducting coil 
having a non-uniform current distribution. 

Fig. 14 is a cross-sectional view of an exemplary 
5 one of the pancaJces of Figs, l and 2. 

Fig. 15 is a graph showing the average normalised 
critical current distribution as a function of the radius 
of the uniform current density superconducting coil. 

10 Referring to Figs. 1-2 , a mechanically robust, 

high-performance superconducting coil assembly 10 
combines multiple double "pancake" coils I2a-I2i, here 
nine separate pancake sections, each having co-wound 
composite conductors. The illustrated conductor is a 

15 high temperature metal oxide ceramic superconducting 

material known as Bi 2 sr 3 Ca 2 Cu 3 0, commonly designated BSCCO 
(2223). In the coil assembly 10, each double "pancake" 
coil I2a-I2i has co-wound conductors wound in parallel 
which are then stacked coaxial ly on top of each other, 

20 with adjacent coils separated by a layer of plastic 
insulation 14. 

Pancake coils 12a- 12 i are formed by continuously 
wrapping the superconducting tape over itself, like tape 
on a tape recorder spool. An insulating tape of thin 

25 polyester film, sometimes with an adhesive, can be wound 
between the turns. Alternatively, the conductor can 
incorporate a film or oxide insulation applied before 
winding. Note that the superconductor may be completely 
processed to its final state prior to winding ("react and 

30 wind" coil) or may be exposed to a degree of heat 

treatment after the pancakes have been wound ("wind and 
react" coil) , the method influencing the insulation 
system chosen. In one embodiment, the completed pancakes 
are then stacked and connected in series by bridging 

35 pieces of conductive tape soldered between stacks. 
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Plastic insulation 14, formed as disc-shaped spacers are 
suitably perforated to permit the free circulation of 
refrigerant and are usually inserted between the pancakes 
during stacking. Pancake coils I2a-i2i here are 
5 constructed as "double-pancake** coils with the tape 
appearing to be wound from the outside to the inside of 
the first pancake and then wound from the inside to the 
outside of the second pancake, thereby eliminating the 
soldered bridge between the two pancakes which would 

10 otherwise occur at the inner diameter of the coil. 

An inner support tube 16 fabricated from a 
plastic-like material supports the coils I2a-I2i. A 
first end flange 18 Is attached to the top of inner 
support tube 16, with a second end flange 20 threaded 

15 onto the opposite end of the inner support tube in order 
to compress the double "pancake- coils. in an alternate 
embodiment, inner support tube 16 and end flanges 18, 20 
can be removed to form a free-standing coil assembly. 

Electrical connections consisting of short lengths 

20 of superconducting material (not shown) are made to join 
the individual coils together in a series circuit. A 
length of superconducting material 22 also connects one 
end of coil 10 to one of the termination posts 24 located 
on end flange 18 in order to supply current to coil 

25 assembly 10. The current is assumed to flow in a 
counter-clockwise direction, and the magnetic field 
vector 26 is generally normal to end flange 16 forming 
the top of coil assembly 10. 

Referring to Fig. 2, the superconducting magnetic 

30 coil 10, has a magnetic field characteristic similar to a 
conventional solenoid in which the magnetic field 
intensity at points outside the coil (for example, point 
P) is generally less than at points internal to the coil. 
For conventional magnetic coils, the current carrying 

35 capacity is substantially constant throughout the 



windings of the conductor. On the other hand, with low 
temperature superconductors, the critical current is 
dependent only on the magnitude of the magnetic field and 
not its direction. 

Further, as discussed above, the current carrying 
capacity of a high temperature superconductor is not only 
a function of the magnitude but the angular orientation 
of the magnitude field. In a central region 30 of the 
coil, the magnetic field lines 32 are generally parallel 
(indicated by an arrow 33) with the longitudinal axis 34 
of the coil and become less so as the magnetic field 
lines extend away from a central region 30 and towards 
end regions 36 of coil 10. Indeed, the orientation of 
field lines 32 at end regions 36 (indicated by an arrow 
37) become substantially perpendicular with respect to 
axis 34. 

Referring to Fig. 3, the anisotropic 
characteristic of critical current as a function of 
magnetic field for BSCCO (2223) high temperature 
superconductor is shown for applied magnetic fields 
oriented parallel (line 40) and perpendicularly (line 42) 
to the conductor plane. The actual critical current 
values have been normalized to the value of critical 
current of the superconductor measured at a zero magnetic 
field. Normalized critical current is often referred to 
as the critical current retention. As shown in Fig. 3, 
the normalized critical current, at a magnetic field of 
2.0 T (tesla), drops significantly from about .38 for a 
parallel oriented magnetic field to .22 for a 
perpendicularly oriented magnetic field. 

In addition to being dependent on the magnitude 
and orientation of the magnetic field, the critical 
current of a high temperature superconductor varies with 
the particular type of superconductor as well as its 
cross -sectional area. Thus, in order to compensate for 
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the drop in critical current of the superconductor at and 
regions 36 of coil 10 due to the magnetic field becoming 
more perpendicular with respact to the conductor plane, 
those pancakes positioned at the end regions (for 
5 example, 12a, 12b, I2g, 12h) may be fabricated with a 
superconductor having a higher critical current 
characteristic, or alternatively, may be formed to have a 
greater cross-sectional area of superconductor relative 
to those regions more central to the coil. 

1° For example, referring to Fig. 4, a graded 

superconducting coil assembly 10 is shown with one side 
of the three endmost double pancakes 12a, 12b, and 12c, 
peeled away to show that an increased amount of 
superconductor tape is used for the double pancakes 

15 positioned axially furthest from the central region 30 of 
the coil. In particular, pancake 12a includes five wraps 
of conductor tape 44 between wraps of insulating tape as 
compared to only two wraps of conductor tape 4 6 for 
pancake 12c located more closely to the center region 30. 

20 Pancake 12b, positioned between pancakes 12a and 12c, 
includes three wraps of conductor tape 48 to provide a 
gradual increase of superconductor to compensate for the 
gradual decrease in the critical current, due to the 
generated magnetic field, when moving from pancake 12c to 

25 pancake 12a. As will be discussed below, in conjunction 
with Figs. 13 and 14, the cross-sectional area of 
superconductor can be varied along the radial axis of the 
coil during its fabrication. 

Referring to Fig. 5, in one approach for 

30 fabricating a superconducting coil, a mandrel 70 is held 
in place by a winding flange 72 mounted in a lathe chuck 
71, which can be rotated at various angular speeds by a 
device such as a lathe or rotary motor. The multi- 
filament composite conductor is formed in the shape of a 

35 tape 7 3 and is initially wrapped around a conductor spool 
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74. If i a reaci-and-wind process for fabricating a superconducting coil, the conductor is a 
precursor material which is fabricated and placed in a linear geometry, or wrapped loosely 
around a coil, and placed in a furnace for processing. The precursor is then placed in an 
oxidizing environment during processing, which is necessary for conversion u» the 
5 superconducting state. In the react-and-wind processing method, insulation can be applied 
after the composite conductor is processed, and material issues such as the oxygen 
permeability and thermal decomposition of the insulating layer do not need to be addressed. 
On the other hand, in a wind- and -react processing method, the precursor to uV 
superconducting material is wound around a mandrel in order to form a coil, ami then 

10 processed with high temperatures and an oxidizing envimnment. Details related to the 
fabrication of superconducting coils are discussed in co-pending application Scr. No. 
08/188.220 filed on Jan. 28. 1994 filed by M.D. Manlicf. G.N. Riley. Jr., J. Voccio. ami 
A.J. Rodenbush, entitled "Superconducting Composite Wind-and-Reaci Coils ami Methods 
of Manufacture", assigned to the assignee of the present invention, and attached herewith as 

15 Appendix I. 

In the wind-and-react processing method, a cloth 77 comprising an insulating material 
is wrapped around an insulation spool 78. both of which are mounted on an arm 75. The 
tension of the tape 73 and the cloth 77 are set by adjusting the tension brakes 79 to the desired 
settings. A typical value for die tensional force is between 1 - 5 lbs. , although the amount 
20 can be adjusted for coils requiring different winding densities. The coil forming procedure 
is accomplished by guiding the eventual conducting and insulating materials onUi the rotating 
material forming the central axis of the coil. Additional storage spools 76 are also mounted 
on the 
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winding shaft 72 in order to store portions of the tape 
73 intended to be wound after the initial portions of 
materials stored on spool 74 on the arm 75 have been 
wound onto the mandrel. 
S In order to font a coil 80, the nandrel 70 is 

placed on the winding shaft 72 next to storage spools 76 
and the devices are rotated in a clockwise or counter- 
clockwise direction by the lathe chuck 71. In certain 
preferred embodiments of the invention, a "pancake" coil 

10 is formed by co-winding layers of the tape 73 and the 

cloth 77 onto the rotating mandrel 70. Subsequent layers 
of the tape 73 and cloth 77 are then co-wound directly on 
top of the preceding layers, forming a "pancake** coil 
having a height 81 equal the width of the tape 73. The 

15 "pancake" coil allows both edges of the entire length of 
tape to be exposed to the oxidizing environment during 
the heat treating step. 

In other preferred embodiments of the invention, a 
double "pancake" coil may be formed by first mounting the 

20 mandrel 70 on the winding shaft 72 which is mounted in 
lathe chuck 71. A storage spool 76 is mounted on the 
winding shaft 72, and half of the total length of the 
tape 73 initially wrapped around spool 74 is. wound onto 
the storage spool 76, resulting in the length of tape 73 

25 being shared between the two spools. The spool 74 
mounted to the arm 75 contains the first half of the 
length of tape 73, and the storage spool 76 containing 
the second half of the tape 73 is secured so that it does 
not rotate relative to mandrel 70. The cloth 77 wound on 

30 the insulation spool 78 is then mounted on the arm 75. 

The mandrel is then rotated, and the cloth 77 is co-wound 
onto the mandrel 70 with the first half of the tape 73 to 
form a single "pancake" coil. Thermocouple wire is 
wrapped around the first "pancake" coil in order to 

35 secure it to the mandrel. The winding shaft 72 is then 



removed from the lathe chuck 71, and the storage spool 76 
containing the second half of the length of tape 73 is 
mounted on arm 75. A layer of insulating material is 
then placed against the first "pancake" coil, and the 
5 second half of the tape 73 and the cloth 77 are then co- 
wound on the mandrel 70 using the process described 
above. This results in the formation of a second 
"pancake- coil adjacent to the "pancake" coil formed 
initially, with a layer of insulating material separating 
10 the two coils. Thermocouple wire is then wrapped around 
the second "pancake" coil to support the coil structure 
during the final heat treatment. Voltage taps and thermo- 
couple wire can be attached at various points on the tape 
73 of the double "pancake" coil in order to monitor the 
15 temperature and electrical behavior of the coil. In 

addition, all coils can be impregnated with epoxy after 
heat treating in order to improve insulation properties 
and hold the various layers firaly in place. The double 
"pancake" coil allows one edge of the entire length of 
20 tape to be exposed directly to the oxidizing environment 
during the final heat treating step. 

An explanation of a method for providing a graded 
superconducting coil follows in conjunction with Fig. 6. 
A graded superconducting magnetic coil similar to the one 
25 shown in Figs. 1 and 2 and having the characteristics 

shown below in Table I. is used to illustrate the method. 

TABLE X 

Winding inner diameter (ID) i.oo inch 

Winding outer diameter (OD) - 3.50 inches 

30 Coi i l«ngth (L) - 4.05 inches 

Number of double pancakes « 9 

Number of turns/double pancake « 180 

Conductor tape width « .210 inches 

Conductor tape thickness « .006 inches 

Critical current of the wire » 82 A <4.2°K 

at 0 Tesla) 

Target center field e a. Tesla 



- 18 - 



Referring to Fig. 6, in accordance with a 
particular embodiment of the invention, a first step so 
in designing a graded superconducting coil is the design 
of a uniform current density (non-graded) coil in which 
5 the conductor is evenly distributed along the axial 
length of the coil. The design of such a coil can be 
determined as described, for example, in D. Bruce 
Montgomery, Solenoid Magnet Design, pp 1-14 (Robert E. 
Krleger Publishing Company 1969) , which is hereby 

10 incorporated by reference. Taking into account certain 
geometrical constraints (for example, the size of the 
cryostat for providing the low temperature environment) , 
current densities of the selected high temperature 
superconductor and the desired magnetic field required 

15 from the coil, the following relationship can be used to 
determine the required geometry of the coil: 



aUF<a,0) 



H csn is the field at the center of the coil; 
X (the winding density of the coil) equals the 
active section of the winding divided by the 
total winding section; and 
25 F is a geometric constant defined as: 

Avfi a 1 

F = (Sinh -1 Sinn" 1 — ) (2) 

10 0 0 



where 



a 2 



b 



P «WtK*..MtlM4tn in I'M* 
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where a, and a, are the inner and outer radii of the coil and b is half of the total axial 
length of the coil (see Fig. 2). 

To determine the critical current of the coil and its sections, it is necessary to know 
the criticaJ current characteristic of the particular high temperature superconductors) used in 
5 the coil. This information (step 52) is often provided not only for the particular 
superconductor material, but because of changes in the manufacturing process, is generally 
provided for each manufacturing run of the superconductor. In one approach for providing 
I c as a function of magnetic field (B), as shown in Fig. 3, a current is applied to a length of 
the superconductor at a desired operating temperature, here 4.2*K, while monitoring the 

10 voltage across the length of surttrci inductor. The current is increased until the superconductor 
resistivity approaches a certain value, thereby providing the critical current value at that Held. 
The method of determining critical current for superconductors is described in I). Aizetl et 
al. Comparing the Accuraty of Critical-Current Measurements Using the Voltage-Current 
Simulator, Magnet Technology Conference (MT-13), to be published, and attached herewith 

15 as Appendix II. An external magnet is used to provide a background magnetic field to the 
superconductor at various magnetic field intensities and orientations. Fig. 3, as discussed 
above, shows measured values of the critical current as a function of this applied magnetic 
Held for a background magnetic field oriented both parallel and perpendicular to the 
conductor plane. 

20 Although it is desirable to characterize each superconductor at as many dif ferent field 

intensities and angles of orientation as possible, it is appreciated that such data collection can 
be voluminous and time 
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consuming, and thus extrapolation methods can be used to 
expand data measured at a limited number of points. 
Thus, where measured data at different angles is not 
available, data measured with the magnetic field applied 
5 parallel and perpendicular to the conductor plane can be 
used with approximation models to generate critical 
current values for fields applied at different angles. 

In one approximation model, called the minimum 
retention model, the critical current of the conductor is 

10 determined for both parallel and perpendicular field 

components with the lower value of critical current taken 
as the critical current at the point under consideration. 

In another approximation model, called the 
gaussian distribution model, the effect of the 

IS orientation of individual filaments of superconductor 
with respect to the plane of the tape (that is, the 
conductor plane) is considered. When the superconductor 
is formed as a multi-fi lament composite superconductor, 
as discussed above, the superconducting filaments and the 

20 matrix-forming material are encased in an insulating 
ceramic layer to form the multi-filament composite 
conductor. Although the individual filaments are 
generally parallel to the plane of the composite 
conductor tape, some of the filaments may be offset from 

25 parallel and therefore have a perpendicular field 
component associated with them. The gaussian 
distribution model assumes that the orientation of the 
individual superconducting filaments with respect to the 
conductor plane follow a Gaussian distribution. The 

30 characteristic variance is varied to match the critical 
current data measured in step 52 and once the variance is 
found, it can be used to determine the critical current 
at any given field and angle. 

In still another model, called the superimposing 

35 model, a normalized critical current is determined for 



both the perpendicular and parallel components of the 
magnetic field and then the product taken of the two 
values. 

Curve-fitting based on the measured data can be 
5 advantageously used to derive a polynomial expression 
which provides a critical current value for any magnetic 
field intensity and orientation angle. The following 
polynomial expression having the constants as shown in 
Table II was used to generate the curves shown in Fig. 3: 

o i c (B) <=1/ (a 0 <-a 1 B-fa 2 B 2 fa 3 B 3 +a 4 B 4 +a 5 B 5 +a 6 B 6 ) 

TABLE IX 



15 



20 



Perpendicular 
Constants 


Parallel Pield 
Data. 


Field, Pate 


°o 


0.995 


1.032 


a i 


1.650 


18.550 


a 2 


1.096 


-45.140 


a 3 


-3.335 


51.967 


a 4 


2.344 


-28.481 


*5 


-0.659 


7 .817 


a 6 


0.0649 


-0.669 



Results from the minimum retention and gaussian 
distribution models were generally found to be similar 

25 and provided a better match to the measured data than the 
superimposing model with the minimum retention model 
preferred' due to its ease of implementation. 

Once a database of critical current as a function 
of magnetic field has been obtained for each 

3 0 superconductor material to be used in the graded 

superconducting coil, the magnetic field distribution for 
a predetermined number of points (for example, 1000 
points) within the coil is determined (step 54). The 
field calculations for determining the field distribution 

35 within the coil is dependent on the geometry of the coil 
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(for example, inner and outer diameter, length of coil) , 
the characteristics of the superconductor (for example, 
conductor width and thickness for tape, conductor radius 
for wire) , as well as, the insulation thickness, and 
5 relative position of individual sections of the coil. A 
software program called HAG, (an in-house program used at 
American Superconductor Corporation, Westboro, MA) , 
provided the total magnetic field, as well as the radial 
and axial components, as a function of radial and axial 
10 position within the superconducting coil. Table III 
shows a small representative portion of the output data 
provided by HAG for the coil having the geometry and 
characteristics described above. 



TABLE ZZI 

15 Radial Axial Component of Field 

Position — position Position B r fRadi B a fAxii B/tott 

10 0 4.B2E-16 1.73E-02 1.73E-02 

2 0 0.12 -9.70E-17 1.73E-02 1.73E-02 

3 0 0.24 2.24E-16 1.73E-02 1.73E-02 
20 4 0 0.36 1.26E-16 1.73E-02 1.73E-02 

5 0 0.48 2.55E-16 1.73E-02 1.73E-02 



14 0 1.56 -7.80E-17 1.68E-02 1.68E-02 

15 0 1.68 1.16E-15 1.68E-02 1.68E-02 

16 0 1.80 9.69E-16 1.67E-02 1.67E-02 

17 0 1.92 -8.95E-16 1.66E-02 1.66E-02 

Commercially available software, such as AN SYS, a product 
of Swanson Analysis Systems Inc., Houston, PA, or COSMOS, 
a product of Structural Research and Analysis Group, 
Santa Monica, CA, may also be used to generate the field 
distribution information. 

Referring to Fig. 7, the total field distribution 
data for the coil defined in Table I is shown plotted in 
graphical form using any number of commercially available 
software programs, such as Stanford Graphics, a product 



of 3-D Visions, Torrance, CA. In addition, as shown in 
Fig. 8, the magnetic field for the sane coil when the 
field is oriented perpendicularly to the conductor plane 
is maximum at point 56, near the end regions of the coil 
5 (about 5.2 cm from the center along the longitudinal axis 
of the coil) and a little more than half of the radial 
distance to the outer diameter of the coil (about 2.7 
cm) . 

The field distribution data generated in step 54 

10 provides a magnetic field value at each of the 

predetermined number of points within the coil which can 
be used in conjunction with the I c versus B data provided 
in step 52 to derive a critical current distribution 
within the coil (step 58). In other words, the magnetic 

15 field values from the field distribution data are used in 
the polynomial expression described above to determine 
critical current values for each point. In particular, 
critical current values are determined for both the 
parallel field and perpendicular field orientations with 

20 the minimum value used to represent the critical current 
value for that point. The I c distribution data is shown 
plotted in Pig. 9 and indicates that, consistent with the 
field distribution data of Pig. 8, the minimum critical 
current retention values (that is, normalized critical 

25 current) is found in shaded region 60 at end regions of 
the coil. 

The next step of the method involves determining 
the contributions of each of the sections of coil 10, 
that is pancakes 12a-12i, toward the center magnetic 

30 field of the coil (step 62). contributions from each 
pancake I2a-I2i are determined using the relationships 
described above in conjunction with determining the field 
distribution of the uniform density coil (step 54). To 
determine each contribution, the coil is assumed to be 

3 5 symmetrical about the mid-piano through axis 35 (Fig. 2) 
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with pancakes on either side of midplane 35 being 
symmetrically paired (for example, 12a and 12i, 12b and 
12h, 12c and 12g. etc.). The contribution of each pair 
or sections is then determined, using the field 
5 relationships described above, by 1) determining or 
evaluating the total field generated by a coil having a 
length defined by the outermost length of the paired 
sections of interest, 2) determining or evaluating the 
total field generated by a coil having a length defined 

10 by the innermost length of the paired sections of 

interest, and then 3) subtracting the results of the two 
determinations or evaluations. Each of the paired 
sections can then be divided by one-half to determine the 
contribution for each pancake of the pair of sections. 

15 For example, referring to Fig. 2 again, to determine the 
contribution of paired pancakes 12a and 121, the field 
determined for a coil having length 2z is subtracted from 
the field of a coil having length 2b. The contribution 
toward the center field from each of pancakes 12a and 12 i 

20 is then one-half of the contribution of the symmetric 
pair. Similarly, to determine the contribution of 
pancakes 12b and I2h. the field determined for a coil 
having length 2(b-d) or 2z is subtracted from a coil 
having a length 2(b-2d>. (Note that the inner and outer 

25 radii aj and a 2 are the same for all calculations.] The 
total field generated by the whole assembly of the coil 
is the sum of all the contributions from the different 
pancakes . 

The I c distribution data generated in step 58 is 
30 then used to optimise the distribution of superconductor 
for different regions of the coil. For a superconducting 
coil in which double pancake coils 12a-l2i are used (like 
the one shown in Figs. 1 and 2) each position corresponds 
with an associated one of the individual pancakes and the 



I c value for positions along the longitudinal axis of the 
coil is determined (step 64). 

In one approach, called the critical current 
averaging approach, a weighted average of all I c values 
5 extending radially within the region for each axial 
position or pancake, is determined using the following 
relationship: 

I c Ave ( z ) °1XI C x radius) 
(Zradii) . 

10 Thus, for a given axial position of the coil, the average 
of all the critical current values corresponding to that 
axial position in that region is provided with the radius 
of each point being the averaging weight for that point. 
In addition, the average critical current value for each 

15 radial position in the region associated with each 
section, with equal weight given for each point, is 
determined using the following relationship: 

I e Ave (r)=EI c / (number of points). 

Fig. 10 shows the average I c for the 
20 superconducting coil of Table I having a uniform current 
distribution as a function of the axial distance from the 
center of the coil. By estimating the average critical 
current for the different sections of a uniform current 
distribution coil, and noting their relative differences, 
25 a determination can be made as to what degree of change 
in the cross-sectional area of the conductor or type of 
superconductor is needed to increase the critical current 
values for sections having low critical current values, 
so that the critical current values of all the sections 
30 of the coil are relatively close in value to the critical 
current value associated with sections at the center of 
the coil. 
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As indicated in Fig. 10. the superconducting coil 
with the geometry described above in Table I, has an 
average normalized I c of approximately .68 (that is 68% 
of the critical current at zero field) for the region 
5 associated closest to the center of coil 10 and 

associated with pancake I2e. However, at the regions 
axial ly positioned approximately four centime tart, from 
the center of coil (in the vicinity of pancakes 12a and 
12i), the average normalized I c drops to about .35, 
10 approximately one-half that associated with pancake I2e. 
Thus, increasing the cross-sectional area of 
superconductor for pancakes 12a and 12 i by an order of 
two would provide critical current values closer in 
value. 

15 F °r example, in one embodiment, the cross section 

is increased at regions of the coil by bundling two 
conductors at center pancake l2e and pancakes 12d and 
12f , three conductors for 12b, 12c, I2g, I2h, and four 
conductors for pancakes 12a and 12h at the ends of coil 

20 10 to provide a gradual increase in the cross section of 
superconductor from the center region 30 to the end 
regions 36 of the graded superconducting coil. As shown 
in Pig. 4, in one embodiment, bundling of the 
superconductor can be achieved by increasing the number 

25 of overlaying wraps of the conductor tape between wraps 
of insulating tape. 

In addition, the average I c for the entire coil is 
determined by averaging the I e over the individual 
pancakes and taking the length of the conductor used in 

30 that section as the averaging weight, expressed 
numerically as: 

l c (coil ave)«£(I- of the pancake) x (conductor length for 

the section) . ; 

total conductor length of the coil 
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Alternatively, a critical current value which more 
accurately represents the value of the critical current 
of the entire coil can be provided by determining 
critical voltage values (v) for different regions of the 
5 coil based on the following relationship: 

(v/v c ) = (i/i e ) ft 

where 

i c is the critical current at that region; 
v c is the critical current criterion which is 
10 dependent on the geometry of the conductor in that 

region; 

and n is the index value as described in detail in 
Aised's article, Comparing the Acetify n f 
Critical -Current Measurements Using the Volt« BP - 
15 Current Simulator, referenced above and 

incorporated herein by reference. 
Voltages (v) for each region are determined for each 
current level (i) and summed to provide a total voltage 
V T for that current level. Total voltages V T are then 
20 plotted as a function of current (line 62) and the above 
relationship is used to determine a total critical 
current criterion V c for the coil. This plotted 
function, as shown in Fig. ll, is then used to provide 
the critical current I c of the entire coil that is 
25 associated with V c . 

In another approach for optimizing the 
distribution of superconductor for different regions of 
the coil, referred to as the "minimum l c " approach, the l c 
values for positions throughout the coil are determined 
30 on the basis of a minimum critical current value 

positioned closely to the center of the coil. In this 
approach, the coil is partitioned into a large number of 
small regions each having an associated minimum I c value. 
The region closest to the center of the coil, both 
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axially and radially, establishes a reference level for 
grading the remaining regions of the coil. 

For example, referring to Pig. 12, the same 
superconducting coil analyzed above in conjunction with 
5 Fig. 10, includes a region 111, positioned most closely, 
both axial ly and radially, to the center of the coil that 
includes a point within region ill having a minimum 
normalized I c value of .44 (that is 44% of the critical 
current at zero field) . This minimum normalized Z c value 

10 establishes a reference to which all other minimum 
normalized values of the remaining regions are 
referenced. Thus, if the section of the coil associated 
with region ill includes two bundles of superconductor 
(like pancake 12c in Fig. 4), regions 151-156, which are 

15 at the end regions of the coil and having minimum 

normalized I c values of .27, the degree of change needed 
to increase the critical current values for regions 151- 
156 so that they are close in value to the critical 
current value associated with the section closest to 

20 region 111 is about a three and one-third times the 

superconductor used at region ill ((44/27)*(2) - 3.3}. 
In this situation, regions 151-156 nay either be wound 
with three superconductor bundles having a proportionally 
higher l c retention value or with four superconductor 

25 bundles having a proportionally lower I c retention value. 

The minimum critical current at central region 
approach is generally considered to be a more 
conservative approach for determining the optimum 
distribution of conductor as compared to the critical 

30 current averaging approach because of its reliance on a 
minimum and not an average of critical current values. 
Thus, the minimum l c at central region approach is 
generally more suitable in the design of high performance 
superconducting magnets which are more likely to be 

35 operated very near the minimum critical current value of 



- 29 - 



any part of the superconductor and are therefore, more 
susceptible to normal zone propagation. 

Using the minimum I c at central region approach 
for the coil as defined in Table I resulted in a decrease 
in the G/A (gauss/ ampere) rating of the entire coil from 
172 C/A for a uniform current distribution coil (that is, 
a 22222 superconductor distribution) to 162 C/A for a 
graded coil having a 22234 superconductor distribution. 
This is due to the decrease in winding turns associated 
with low critical current sections and is not 
representative of the magnitude of the magnetic field at 
the center of the coil which is usually increased. 
Furthermore, the theoretical I c required to generate the 
desired one Tesla field at the center of the coil also 
decreased significantly from 215 A = (10000/(172 * 0.27) 
to 140.3 A - (10000/(172 * 0.44). 

By using either the "critical current averaging* 1 
or "minimum I c « approaches, the cross -sectional area of 
the conductor for each of the pancakes can be changed to 
provide a higher average l c value for the coil and to 
provide I c values for all of the individual pancakes that 
are close in value (step 66) . This objective can also be 
accomplished by changing the type of superconductor for 
each pancake proportionally to provide retention I c value 
closer to the maximum X c value. 

Because the cross-sectional area or type of 
superconductor associated with the sections of the coil 
may be changed to increase the critical current at the 
regions of the coil in which that section is located* it 
is generally necessary to repeat steps 54*66 for the 
newly configured coil. Changing the distribution of 
conductor for the sections of the superconducting coil, 
requires that the field and critical current 
distributions, as well as field contributions of each of 
the sections of the new coil be redetermined (step 68). 
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This is necessary because the change in the cross- 
sectional area or type of superconductor associated with 
each section changes the field characteristics associated 
with that section, as well as the entire coil. For 
5 example, because it is generally desirable that the 
volume of the superconducting coil be substantially 
maintained, increasing the cross section of the 
superconductor for a section of the coil will generally 
decrease the number of turns or windings in that section, 

10 thereby changing the magnetic field characteristics and 
the contribution toward the center field of the coil. 
However, because this change generally occurs at the end 
regions of the coil, where the critical current is lower 
(due to the substantially perpendicular orientation of 

15 the magnetic field), the lower magnetic field (due to the 
decrease in turns) does not significantly contribute to 
the magnitude of the center magnetic field. In other 
words, although there is generally a decrease in the 
magnitude of the magnetic field at the end regions of the 

20 coil, there is a relatively significant increase in the 
critical current and current carrying capacity of the 
coil. 

The cross -sectional area of the superconductor or 
type of superconductor for each pancake, and thus their 

25 respective critical current values, can be iteratively 
adjusted until a desired average l c for the entire coil 
is achieved (that is, the I c when all the sections of the 
coil have nearly same l c ) (step 70). Statistical 
analysis can be used to calculate the standard deviation 

30 for the coil sections and to minimize its value by 
adjusting the number of conductors in the different 
sections of the coil. It is important to note that 
providing a greater number of superconductor bundles at 
center region 30 of coil 10 provides a greater number of 

35 bundles which can be used for sections of the coil 



intermediate center region 30 and end regions 36, and 
thus a smoother grading of the coil. 

For the superconducting coil having the geometry 
described in Table I, the cross sections of pancakes 12a- 
5 12 i were changed by varying the number of layers of 
superconductor as shown in rig. 4 to provide a 
superconducting coil having an Increased average critical 
current value, and hence an increase in the current 
carrying capacity and magnetic field for the coil. Table 

10 IV summarizes results after each iteration for the coil 
with the configuration arrangement (first column) 
describing the number of layers of conductor. Por 
example, 22222 defines a uniform current density coil 
(that is, each pancake having one layer of conductor) 

15 while 22334 describes a configuration where the three 
inner-most pancakes I2d-l2f have two layers, pancakes 
12b, 12c, I2g, and I2h have three layers, while outermost 
layers 12a and I2i have four layers. This configuration 
(22334) was selected as having the nost optimal 

2 0 arrangement because it provided a small variation (I c 
standard deviation = 9.26) in the critical current over 
the coil volume while providing a large average I c 
(89.41A) and high magnetic field (1.357 T) . Although, 
configuration 22344 also provided a relatively low 

25 standard deviation and higher average I e and magnetic 
field, the field distribution provided by this 
configuration, as shown in Fig. 13, provided multiple 
areas (called "depressions") where the magnetic field 
intensity achieves a maxima for a field oriented 

30 perpendicularly to the conductor plane. Configurations 
having such field distributions degrade the overall 
performance of the superconducting coil. 
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TABLE IV 



Configuration 


C/A 


Ave.IC(A) 


Field (T) 


I^Std.dev. (A) j 


22222 


172.60 


63.23 


1. 142 


17.09 (25.8%) I 


22223 


169.34 


71.50 


1.211 


12.45 (17.4%) I 


22233 


163.77 


77.75 


1.273 


9.51 (12.2%) 1 


22234 


161.99 


61.28 


1.316 


10.59 (13. 0%) 


22334 


151.87 


89.41 


1.357 


9.26 (10.3%) 


22344 


146.60 


94. 12 


1.400 1 


13.58 (14.4%) 



It is also important to note that the geometry of 

10 the different sections of the coil can also be varied 
along the radial axis of the coil, as opposed to along 
the longitudinal axis, as described above. For example, 
referring to Pig. 14, a cross-sectional view of a portion 
(one-half of one side) of an exemplary one of the double 

15 pancakes 12a-12i of Figs, l and 2, shows that the number 
of bundled conductors 90 need not be the same throughout 
the pancake. In fact, in much the same way as the cross- 
sectional area of superconductor was varied along the 
longitudinal axis of the coil the cross-sectional area of 

20 the superconductor, can be varied along the radial axis 
of each section or pancake of the coil. For example, as 
is shown in Fig. 7, the total magnetic field for the 
uniform distribution coil decreases from the inner to the 
outer radius of the coil. Thus, it is desirable to 

2 5 decrease the cross-sectional area at this region of the 
pancake, thereby allowing an increase in the number of 
turns of conductor, which increases the central magnetic 
field of the coil. 

Using a critical current averaging approach, a 

30 weighted average of all I c values extending axially 

within the region for each radial position of the pancake 
is determined in much the same way as was described above 
in conjunction with averaging for each axial position of 
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the coil. Referring to Fig. 15, the average normal i red 
I c (line 98) for the middle pancake 12e of the 
superconducting coil of Table I having a uniform current 
distribution can be plotted as a function of the radial 
5 distance from the center of the coil. Note that the 
inner radius of the pancake is about 1.3 cm from the 
center of the coil. A determination can then be made as 
to what degree of change in the cross-sectional area of 
the conductor is needed to increase the critical current 
10 values for regions having low critical current values 
within the coil by observing the relative difference in 
average critical current between the different sections 
of the uniform current distribution coil. Similarly, the 
critical current distribution data, as shown in Fig. 12, 
15 indicates regions along the radial axis of the coil 

having low I c values which should be increased when the 
"minimum critical current" approach is used. 

Thus, either the "critical current averaging" or 
"minimum I c " approaches, described above, can be used to 
20 change the cross -sectional area of superconductor within 
each of the pancakes to provide a higher average I c value 
for the coil and to provide I c values for all of the 
individual pancakes that are substantially equivalent. 

In general, the I c increases from the center to 
2 5 the outer windings of the coil and, therefore, it is 

generally desirable to provide superconductor of greater 
cross-sectional area at the regions closer to the center 
(that is, internal windings) than at regions radially 
outward. For example, referring again to Fig. 14, if 
30 three conductors are bundled at portion 94 (associated 
with, for example, regions 111-113), only two conductors 
would be required at portion 96 (associated with 
outermost radial regions 114-116) of the coil. During 
the fabrication of one embodiment of a pancake coil, the 
35 three conductors are wound around the coil until the 



10 
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radial distance at which it is dosired to reduce the 
number of conductors is reached. At this point, one of 
the conductors is cut leaving an end which is attached, 
for example, by soldering, to an adjacent one of the 
remaining conductors, and winding of the coil is 
continued. By decreasing the number of conductors of a 
coil at regions where the critical current has a 
sufficiently high value allows a greater number of turns 
to be wound on the coil at these regions, thereby 
increasing the magnetic field provided by the coil. 
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*h^r.->rr of the ni^rLaau.Lg 
5 A process fur nanuf actur i ng superconducting magnetic 

co ili, from strain-tolerant, superconducting suit. \ - t ilanent 
composite canrtuctyts is described. The method involves 
winding the precursor r.o a multi-f iUmcnt composite 
conductor and An inaulating material or its precursor Around 

10 a mandrel in order to foro a coil, and then exposing the 

coll to high temperatures and an oxidizing environment. The 
insulatinq material or its precursor is chosen to permit 
exposure of the superconductor precursor filaments to the 
oxidizing environment, and to encase the matrix-forming 

15 material enclosing the filaments, which is revcrr. ibly 
weakened during processing. 
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ATTORNEY OOCKIT NO: 05 7 70/OC4CO 1 

superconducting winfl-flnd-Fe"^ cqiis and 

Methods of flanufacture 



The invention relates generally to superconducti.no 



S magnetic coils and methods for manufacturing theo. In 
particular, the invention relates to a vind-and-react 
process used to produce mechanically robust, high 
temperature superconduccinq coils vhich have high winding 
densities and are capable of generating large magnetic 
10 fields. 



precursor to a superconducting material around a mandrel in 
order to form a coil, and then processing the coil with high 

15 temperatures and an oxidizing environment. The processing 
method results in the conversion of the precursor material 
to a desired superconducting material, and in the healing of 
micro-cracks formed in the precursor during the winding 
process, thus optimizing the electrical properties of the 

20 coil. 



coils, are formed by wrapping an insulated conducting 
material around a mandrel defining the shape of the coil. 
When the temperature of the coil is sufficiently low that 
25 the conductor can exist in a superconducting state, the 

current-carrying performance of the conductor is markedly 




The wind-and-react method involves winding the 



Superconducting magnetic coils, like moat magnetic 
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increased and large oaqnetic: t ields can do. generated by the 
coil. 

Certain carooic materials exhibit superconducting 
behavior at low tenperatures, such as the compound 
5 BijSraCan.jCUnOj,,^ where n can be either I. 2. or 3. One 
material. Bi 2 Sr : Ca 2 Cu.,O, 0 (BSCCO (2223)), performs 
particularly well in device applications because 
superconductivity and corresponding high current densities 
are achieved at relatively hiqh tenperatures (T c ■ 115 K) . 
10 Other oxide superconductors include general Cu-C -based 

ceramic superconductor*:. *.uch as members ot the rare-earth- 
copper-oxide family (io., YBCO) . the tha 1 1 ium-barium- 
caicium-copper-oxide family <ie., TBCCO) , the mercury- 
barium-calcium-eopper-oxide family (ie., HgBCCO) , and BSCCO 
15 compounds containing lead ( ie - . (Bi . Pb) jSr 3 Ca 2 CM 3 O 10 ) . 

Insulating materials surrounding the conductor are 
used to prevent electrical short circuits within the winding 
of a coll. From a design point of view, the insulation 
layer must be able to withstand large electric fields (as 
20 high as 4 x 10 5 V/cm in some cases) without suffering 

dielectric breakdown, a phenomenon that leads to electrical 
cross-talk between neighboring conductors. At the same time 
insulation layers must be as thin as possible (typically 
less than 50 - 150 ami so that the amount of superconducting 
25 material in the coil can be maximized. 



Using existing conducting and insulating oaterials, 
the Ddxicun naqnetic field generated by a superconducting 
coil, is ultimately determined by the winding density 
(defined as the percentage of -the volume of the coll 
5 occupied by the conductor) and the coil gcemetry. However, 
the large tensions I forces necessary for high winding 
densities can leave conductors in highly stressed and/or 
strained states. The bend strain of a conductor, equal to 
half the thickness of the conductor divided by the radius of 
10 the bend, is often used to quantity the acount of strain 
imposed on the conductor througn coil foroation. Hnny 
superconducting magnet applications involving high-density 
conductor windings require conductor bend strains on the 
order of 0.2%, and in sose cases much higher. The critical 
15 strain of a conductor is defined as the amount of strain the 
material can support before experiencing a dramatic decrease 
in electrical performance. The critical strain value is 
highly dependent on the formation process used to fabricate 
the conductor, and is typically between 0.03% - l.ot, 
20 depending on the process used. If the bend strain exceeds 
the critical strain of a conductor, the current-carrying 
capability of the conductor, and hence tho maximum magnetic 
field generated by a coil, will be decreased significantly. 
One approach to manufacturing high-performance 
2 5 conductors having desirable mechanical properties involves 



starting with a precursor to a hiqn temperature 
superconducting material, typically a ceraaic oxide in a 
powder form. Despite relatively poor mechanical properties 
and more complex manufacturing processes which requires high 
5 temperatures and an oxidizing environment, high temperature 
superconducting materials are preferred to low temperature 
superconducting materials for certain applications because 
they operate at higher ambient temperatures. Oxide powders 
arc packed into a silver tube (chosen because of 
10 malleability, inertness, and high electrical conductivity) 
which is then deformed and reduced in size using standard 
metallurgical technigues: extrusion, swaging, and drawing 
are used for axisymmetr ic reductions resulting in the 
formation of rods and wires, while rolling and pressing are 
15 used for aspected reductions resulting in the formation of 
tapes and sheets ( Sandhage et al-. -Critical Issues in the 
OPIT Processing of High-lc BSCCO Superconductors-. Journal 
of Metals 3. 21. 1991) . 

Following the deformation process, heating and 
20 cooling results in the growth and evolution of Individual 
crystalline oxide superconductor grains in the conductor 
which typically take on a rectangular platelet shape. 
Further deformation results in a collective alignment of the 
crystal lographic axes of the grains. An iterative 
25 heating/deforming schedule unique to the ceramic oxide forms 



of superconductors is typically carried out jr.til the 
desired grain size, alignment, and density oi the 
superconduct ing state arc achieved. 

Conductors ha v inq a sinqle oxide core, classified as 
S mono-filament composite conductors, result from the 

iterative schedule described above and can have critical 
strain values as high as O.lt. Mono- i i la-sent composite 
conductors can be transformed into oult i-f i laacnt composite 
conductors us inq a rcbundlinq fabrication opera tiutt 

10 involving further reduction in ai^e of the nor.o-f i lament 
composite conductors, tints iinaliy roncatewtion of 
individual conductors to form a single conductor. 
Typically, the evolution of cracks in response to bend 
strains is more likely in mono-fi lament composite conductors 

15 than in multi-f ilaaent composite conductors, where critical 
strain values increase with the number of filaments in the 
conductor, and can be greater than 1.0*. Other limitations 
of mono- t ilaaent composite conductors Include decreases In 
crack healing ability and oxygen access to the conductor 

20 during processing. Furthermore, because mono-filament 

composite conductors have only a single superconducting 
region, it is difficult to control the conductor site and 
shape, and mechanically robust conductors can not b« easily 
fabricated < K . Osamurc, ct al.. Adv. cryo. Eng., TCKC 
Supplemental, 36. a?), 1992). Thus, multi-filament composite 
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conductors have desirable mechanical properties, and can be 
used in coils requiring high winding densities. 

One method used to fabricate coils with multi- and 
mono-filament composite conductors U the react-and-wind 
process. This method first involves the formation of an 
insulated composite conductor which is then wound into a 
coil. In this method, a precursor to a composite conductor 
is fabricated and placed in a linear geocetry. or wrapped 
loosely around n coil, and placed in a furnace for 
processing. The precursor can therefore be surrounded by an 
oxidizing environment during processing, which is necessary 
for conversion to the desired superconducting state. In the 
reoct-and-wind processing method, insulation can be applied 
after the composite conductor is processed, and materials 
issues such as the oxygen permeability and thermal 
decomposition of the insulating layer do not need to be 
addressed. 

in the react-and-wind process, the coil-formation 
step can. however, result in straining composite conductors 
in excess of the critical strain value of the conducting 
filaments. Strain introduced to the conducting portion of 
the wire during the deformation process can result in micro- 
crack formation in the ceramic grains, severely degrading 
the electrical properties of the coaposite conductor. 
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Another method used to fabricate magnetic coils with 
Dono-f iianent composite conductors is the vind-and-react 
method. In this method, the eventual conducting notarial is 
typicallly considered to be a "precursor" until after the 
final heat treating and oxidation step. Unlike the rcact- 
and-wind process, the wind-and-rcact method as applied to 
high teaperattirc superconductors requires that the precursor 
be insulated before coil formation, and entails winding the 
coil immediately prior to a final heat treating and 
oxidation step in t::c fabrication process. This final step 
results in the repair of nicro-cracks incurred during 
winding, and in used to optimize the superconducting 
properties of the conductor. However, these results are 
significantly more difficult to achieve for a coil geometry 
than for the individual wires which are heat treated and 
oxidized in the react-and-vind process. 

Due to the aechanical properties of the conducting 
aacerial, superconducting eagnetic coils fabricated using 
the wind-and-rtACt approach with oono-f ilaaentary composite 
conductors hava limitations related to winding density and 
current -carrying ability. Although the wlnd-and-react 
process nay repair strain- induced damage to the 
superconducting material incurred during winding, the coils 
produced are not mechanically robust, and thermal strain 
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resulting froo cool down cycles can degrade the coil 
performance over tine- 

A feature of the invention is a wind-and-react 
process which is used to manufacture superconducting 
5 magnetic coils with multi-filament composite conductors. 
This processing method can be used to manufacture several 
variations of coils types, all of which are discussed below. 

An advantage of the invention is ability to produce 
mechanically robust coils requiring high winding densities, 
10 without significantly degrading the superconducting 

properties of the multi-f i lament composite conductors used 
to form the coils. 

Summary of the Invention 
The present invention relates to a wind-and-react 
15 processing method used to fabricate superconducting magnetic 
coils featuring strain-tolerant multi-f ilament composite 
conductors. This invention has various aspects which 
individually contribute improvement over previous react-and- 
wind coils, and wind-and-react coils made with mono-filament 
20 conductors, specifically, materials and processing steps 
have been adapted in order to fabricate coils which allow 
adequate oxygen access to the precursor to the multi- 
filament composite conductor in order to affect conversion 
to the desired superconducting state, while at the same timi 
2b allowing preservation ot the saterials and geometrical 
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tolerances of the coil. Superconducting ceils requiring 
high-density complex winding geometries can often only be 
fabricated with ault i-t ilaacnt composite conductors because 
mono-filament conductors are intrinsically less flexible and 
their electrical properties are more difficult to 
rehabilitate. 

In one aspect, the invention relates to a method for 
producing a superconducting magnetic coil tcaturing the 
following steps: fabricating a precursor to a aulti-tilament 
composite conductor t rcn multiple high-teaperiture 
superconducting rilancnts enclosed in a oatrix-f ormmg 
oaterial; surrounding the precursor to the oulti-f ilaoent 
conductor with an insulating Layer or a precursor to an 
insulating layer; toroing the precursor to the multi- 
filament composite conductor as a coil; heat treating the 
coil after the forming step by exposing the coil to high 
temperatures in an oxidizing environment, the superconductor 
precursor filaments being oxidized and the matrix-forming 
material reversibly weakening during the heat treating step, 
with the composition and thiexneas or the insulating layer 
or precursor to the insulating layer bein chosen to encase 
the matrix- forming material and the superconductor precursor 
filaments, and to permit exposure of the superconductor 
precursor filaments to oxygen durinq the heut treating step. 
The heat treating step results in the improvement at the 



J1 



electrical and mechanical proper;ics of tr.c supcrconauctor 
precursor filaments, and in the far-cation or' a 
superconducting magnetic coil. 

By "surrounding" the eventual ou 1 t i - f i lament 
5 composite conductor with an insulatinq layer (or precursor 
to an insulating layer), direct contact between adjacent 
conductors is pi evented. 3y "encasing" the natrix- forming 
material and the superconducting precursor filarsents durinq 
the heat treating step, the insulation l«*y*r (or precursor 
10 to the insulation layer) preserves thn integrity of the coil 
during the heat trcatcent. By "reversibly weakening" the 
oacr ix-f ore inq material is lett essentially without 
mechanical strength during the heat treating step, with the 
material substantially regaining mechanical stability 
IS following processing. 

Preferably, the neat treating step involves heating 
and then cooling the coil in an environment comprising 
oxygen, and results in the conversion of the superconductor 
precursor filaments to a dtsired superconducting material, 
20 and in the repair of micro-cracks formed in the filaments 
during the forming step. 

In preferred nabod inunts , the heat treating step 
features heating the coil from roan temperature at a rate of 
about 10 °C/min. until a temperature between 765 °C and 815 
2 5 "C, and preferably 7B7 °c is obtainsd; heating the coil at a 
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rate about 1 °C/ain. unti ' a naximua t«npcraturc between 810 
°C and 860 °c. and prcfably 830 c c, is obtained; heating the 
coil at the maximum temperature for a tine between 0.1 and 
300 hours, and preferably for 4 0 hours; cooling the coil at 
a rate of about l °C/nin until a temperature between 780 °c 
and 845 °C. and preferably 811 °c, is obtained; heating the 
coil at this temperature for a time period in the range of I 
to 300 hours, and preierably for 120 hours; cooling the coil 
at a rate ot about 5 °C/ain. to a temperature between 7C5 °C 
*nd 815 °C\ and preferably 78? seating the coil at this 
temperature for i time period between 1 and 3 00 hours, and 
preferably for 10 hours; and, finally cooling the coil at a 
rate of about 5 °C/oxn. until a temperature of 20 °C is 
reached, with the heat treating steps performed in an 
atmosphere which consists primarily of gaseous oxygen at a 
pressure of about o.ooi to 1 atm, and preferably at 0.075 
ate. 

In one preferred embodiment of the invention, the 
coil is forced by repeating the steps of first winding a 
layer of the precursor to the multi-filament composite 
conductor around a mandrel, and then winding a layer of 
material comprising an insulating material or a precursor to 
an insulating material on top of the precursor to the multi- 
filament composite conductor. In another preferred 
embodiment of the invention, the precursor to the insulating 
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material is initially •» liquid mixture of a solvent and 
dispersant. and a particulate inter in 1. with the mixture 
being applied by dipping the precursor to the multi-filament 
composite conductor in the liquid aixture. followed by a 
5 heating stap which results In the evaporation of the solvent 
and dispersant. and the formation of an insulating layer 
around the precursor to the nult i -filament conposite 
conductor. In a preferred embodiment of th« invention, a 
heatinq step is used to remove impurities from the 
10 insulatinq materia!, such as dirt or a binder material. 

In another preferred embodiment ot the invention, 
the coil forming step features the step of concentrically 
winding the precursor to the multi-filament composite 
conductor to torn a multi-layer coil having a "pancake" 
IS shape, with each nf the layers wound to overlap the 

preceding layer. Each edge of the entire length of the 
precursor to the xu It i -filament coaposite conductor in this 
geometry is exposed to the oxidizing environment during a 
heat treating step. The heat treatment results in the 
20 oxidation and healing of micro-cracks in the superconductor 
filaments of the precursor to the aulti-f ilament composite 
conductor, resulting in the formation of a aulti-f ilament 
composite conductor. The "pancake" coil can be wound around 
a mandrel having an arbitrary shape. In preferred 
25 embodiments, the "pancake" coil is wound around a mandrel 
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having a circular cross section. In alternate embodiments, 
the mandrel cross section is primarily elliptical in shape, 
rn preferred aobodinents, double "pancaks" coils can be 
forced by winding a second "pancake- coil on the mandrel 
adjacent to the Cirst -pancake" coil. In yet other preferred 
embodiments of the invention, multiple double -pancake" 
coils can be combined to faro a single coil, and are 
preferably stacked in a coaxial manner. 

In one particular aspect of the invention, a method 
(or producinq r» superconducting magnetic coil, similar to 
the method described dbove, features sumjectmg the 
precursor to the multi-filament composite conductor to 
bend strain in excess off its critical strain. In a 
particular embodiment of the invention, the precursor to the 
multi-filament composite conductor is subjected to a bend 
strain in excess of 0.3%. 

In another particular embodiment, each layer of the 
mu It i- filament composite conductor of the coil consists of 
multiple conductors, with all of the conductors surrounded 
by a single insulating layer. Preferably, the multi-filament 
composite conductor has multiple superconducting filaments 
enclosed in a matrix-forming material conposed of a noble 
metal or an alloy to a noble metal, and is preferably made 
of silver. In a particular embodiment, the superconducting 
material used for the filaments is selected froD the oxide 
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superconductor family, comprising the fcliowing materials: 
fBi.PbjjSrjCjin^Cu^,,^, where n is equal to .ither I. 2. or 
3; Beaters of the rare earth-copper-oxide family, such as 
YBCO (123). YBCO (124), and YBCO ,247); members of the 
5 thallium-bar ium-caicium-copper-oxido family, such as TBCCO 
(1212) and TBCCO (1223); and, members of the oercury-barium- 
calcium-coppcr -oxide family, such as HgBCCO (1212) and 
HqBCCO (1223). Prelerably, three-layer phase BSCCO is used 
for the superconducting filaments. 

10 in preferred embodiments of this aspect of the 

invention, the multi-f ilancnt composite conductor is 
surrounded by an insulating layer which is permeable to 
gaseous oxygen and substantially chemically inert relative 
to the multi-filament composite conductor. In a preferred 

15 embodiment, an insulating material selected from the group 
containing SIO,, Ai 2 Oj, and sirconia fibers is used as the 
insulatinq layer. Preferably, the insulating material Is co- 
wound with the precursor to the multi-filament composite 
conductor. In alternate embodiments, tn* insulating material 

20 is wrapped around the precursor to the multi-filament 
composite conductor. Preferably, the thickness of the 
insulating layer is between 10 and 150 uu. In other 
embodiments, the insulating layer of the coil consists 
primarily of a particulate material selected from a group 
25 comprising AljO^, MgO, Sio 2 . and xirconia. 
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In particular aspects ot" the invention, a 
superconducting magnetic coil made with the method described 
above has an inner-coil diameter no larger than about 1 cm, 
or alternatively, the coil is wound so that the ber3 strain 
of the multi-filament composite conductor is greater than 
o.3t. In other aspects of the invention, the winding density 
of the coil is greater than about 60%, the fill factor of 
the oulti- filament composite conductor is qreater than about 
J01. the oinlcun cr i t i c* I -current is about 1.2 Amperes, and 
the magnetic field produced by -_tie «:oi ! is m excess of 
about no Gauss. 

In one aspect of the invention, a -pancake" coil is 
formed by the method described above. In a preferred 
embodiment, each layer of insulated mult i -filament composite 
conductor of the "pancake" coil consists of multiple strands 
of multi-filament composite conductor, each having multiple 
superconducting filaments, with ail strands aurrounded by a 
single insulation layer. The conducting and insulating 
materials used in the "pancake" coil are the same as those 
described previously. In one embodiment of the invention, 
the coil is impregnated with a polymer. In a preferred 
embodiment, double "pancake" coils can be formed. Double 
"pancake" coils can be stacked coaxial ly and adjacent to 
each other. In certain preferred embodiments , the mandrel 
supporting the stacked coils is removed. 




5 J 



Drigf ppscriDtion c f_ ~he Drawings 
Other objects, features and advantages of the 
invention will be apparent from the following description, 
taken together witn the foi lowing drawingc. 
5 Figure 1 is a crocs-sectional view at a multi- 

filament composite conductor. 

Figure 2 i-i a graph comparing th« electro-mechanical 
properties ot mono- and multi-filament composite conductors- 
Figure 3 is a graph comparing the electrical 
10 properties of coils s«do with mono- caul ti-t ilament composite 
conductors as a tunction of theraal cycles. 

Figure ^ Ls a blocK diagram of the vind-and-react 
coil formation process. 

Figure 5 illustrates a coil winding device. 
15 Figure 6 is a graph illustrating the mechanical 

properties of superconducting multi-filament composite 
conductor manufactured in accordance with the invention. 

Figure 7 is a graph showing critical -current density 
plotted against bend strain tor a particular nulti- filament 
20 composite conductor which was heat treated in accordance 
with the invention after being strained. 

Figure a is a graph comparing the electro-mechanical 
properties of composite conductors treated with wind-and- 
react and react-and-wind processing methods. 
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Figure 0 shows a superconducting cuil aadc with 4 
multi-f ilaaent composite conductor using the vind-and-react 
process in accordance with the invention. 

Figure 10 shows a superconducting coil in the 
5 "pancake" geometry oadc in accordance with tJie invention. 

Figure 10a chowa a side view of the coil. 

Figure 1 Ob shows a side view of a primarily' 
elliptical "racetrack" coil. 

Figure ll shows multiply stacked "pancake" coils. 
10 Figure ;ia shews a cross-sectional viov cf Figure 11 

taken along line lla-lla. 

pcscriPiion q( the Preferred. Knfcg<t;nent5 
insulated Composite Conductor 

Referring to Figure 1, a multi-filament composite 

15 conductor 11 manufactured in accordance with the invention 
and used in a superconducting coil has superconducting 
regions 12 which arc approximately hexagonal in cross- 
sectional shape and extend the length of the aulti-f ilament 
composite conductor 11. Superconducting regions 12 Icra the 

20 filaments of the conductor, and are surrounded by a matrix- 
forming material 14, which is typically silver or another 
noble metal, which conducts electricity, but is not 
superconducting. Togother. superconducting regions 12 and 
the matrix-forming material 14 form the raultl-C I lament 

25 composite conductor. 
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In the Figure, the composite conductor is encased in 
an insulating ceramic layer 15. A standard -fill factor- 
describing the cross-sectional area encompassed by the 
superconducting regions 12 relative to the overall conductor 
3 cross-sectional area is 28%. The thickness of the ceramic 

insulation layer is typically on the order of 10 and ISO pa- 
Mult i -f i lament composite conductors offer many 
advantages over mono-filament composite conductors having 
similar fill factors. Referring now to Figure 2. the 

10 electro-mechanical properties of aulti- .mil oono-f llaraent 
composite conductors are cooparnti by plotting nornalir.ed 
critical-current density as a function of bend strain for 
different conductor samples having similar fill lectors. 
The critical-current density of the mono-filament composite 

IS conductor approaches zero for bend strains near l\, while 
the multi-filament composite conductor samples show a ouch 
weaker dependence on the bend strain. Both conposite 
conductor samples had a thicKness of 2.4 mm and a 
rectangular-shaped cross section, and were 10 cm in length. 

20 As the number of superconducting regions is increased fron 7 
to 2527, the conductive properties become less sensitive to 
bend strain, indicating the benefits of multi-filament 
composite conductors. 

In the method of the present invention, the 

25 processing conditions used for the formation of the 
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superconducting eta to have been inventively adapted to deal 
with problems unique to coils nade with nulti-f i lament 
contpocita canducturs. In addition to the multi-filament 
composite conductor, materials uaad for insulation, 
■5 mandrels, and other parts of the coil are subjected to the 
final heat treating process, and have been specifically 
chosen to adapt to the aethod of t.nc presort invention. 
WUa-flqtf-Beact process! ng .Netted 
Precursor Format ioe 

10 The formation ct the precursors to mult i-J i lament 

composite conductors has been described previously, and will 
be discussed only briefly here (Riley et al.. supra, and 
Sandhagc ct al.. supra, the concents of which are 
incorporated herein by reference) . 

is Referring now to Figure 4, the steps of the wind- 

and- react manufacturing process for forming magnetic coils 
having strain-tolerant mult i-C 1 lament composite conductors 
begins with the precursor to a nulti-f i lament composite 
conductor 20 comprising filaments which consist of the 

20 ceramic precursor to the eventual superconducting material. 
The precursor to the multi-f 1 lament composite conductor is 
processed with two distinct steps: 1} a deformation through 
a pressing and/or rolling step 21, resulting in an alignment 
of the ceramic material slang the c axis of the single 

25 crystal grains; and 2) a sintering step 22 involving heating 
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the precursor to the condu-tor is temperatures in excess of 
800*C in an oxidUing environment, resulting in the 
formation of intergrannular connectivity. The precursor to 
the multi-filament composite conductor is returned to the 
deformation step 21 after being cooled. This results in 
crystallisation and evolution of the superconducting grains, 
which is necessary, but not sutfic::cnt. for 
superconductivity. The deformation and sintering schedule 
is repeated iterative! y from stnn I to step n-1. where n is 
an integer. The number of scepr. in chosen ta optimise the 
final conduction properties of the tarqet superconductor. 
For OSCCO {2223}, the r.unhrr T. M of steps is typically 2 or 
3 using the heat treatments described herein. 

Both the material and number of filaments used in 
superconducting regions can be changert to modify the 
electrical and mechanical properties of the eventual 
conductor. For example, in the BSCCO family, the number of 
layers of sheet-like CuO planes distinguish the different 
superconducting compounds. Along with DSCCO (2223), which 
has a three-layer phase, DSCCO (2201) (single-layer phase) 
and DSCCO (2212) (two-layer phase) are compounds which also 
exhibit superconductivity. BSCCO compounds may also contain 
lead which can result in the improvement of the chemical 
stability of the materials at high temperatures. The 
critical temperature (T c ) increases with increasing numbers 
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of layers, with the single-layer phase having a T c of about. 
20 K. the two- layer phase having a T c of about 90 K. and the 
three- layor phase having a T t . of about 115 K. Other 
desirable oxide superconductors, such as YDCO (i:3), TDCCO 
<12i2) and T3CCO (122J), have values of T c in excess cf 77 
K. 

A rebundling process results in fabrication of thw 
precursors to r.ulti -ri lament composite conductors having a 
variable nuahitr of sections, with each section containing 
multiple ii laments (Sar.dhaoe cr ai., supra}. Typically, 
using the. described process, ou ici-f i lament composites 
composed of two tactions have 7 filaments, cooposites 
composed of 1 sections have 19 filaments, and cosposites 
compose*! of 4 sections have 37 filaments. 

Referring again to Figure 1, the matrix- forming 
material 14 is chosen to surround the superconducting 
regions 12 because of the malleability and nobility of the 
oetal with respect to the superconducting saterial. The 
aatrix-fort ing material 14 also protects the superconducting 
regions 12 from chemical corrosion and mechanical abrasion, 
and enhances the stability of the superconducting regions 12 
ot cryogenic temperatures. Although silver is the preferred 
material, the matrix-forming material can also be made of 
other metals exhibiting similar occhanlcal. chemical, and 
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electrical properties, such alloys at silver and other 

noble nctals. 

Insulation 

In the wind-«na-r«*ct process, insulation (or a 
5 precursor to an insulating material) is applied to the 

precursor to the composite conductor prior to the final heat 
treating step. A particular ncthod for applying insulation 
to vires used in reai:t- ar.d-vind ceils has keen described 
previously in woolf, U.S. Patent 5, 140,006. The insulating 

10 methods and oateri.it parameters described herein nave been 
specifically adapted far the vind-<tnd-reaet aethod used to 
Jabncate coils witn mu 1 t i- f i laoent composite conductors. 

The coil geometry imposes constraints on the 
insulation that are not present for individual wires. In the 

15 method of the present invention, ceramic insulation is 

chosen to insulate the multi-filament composite conductor 
because certain ceramic materials arc pemeable to oxygen, 
which allows exposure of the precursor to the composite 
conductor to an oxidizing environment during processing. 

20 ceramic materials can also withstand the high temperatures 
an oxidizing environment of the processing conditions 
without suffering decomposition. Because insulation prevents 
electrical short circuits within the wound coil, ceramic 
•atenals are further desirable because they can withstand 

25 dielectric breakdown when exposed to electric Holds as high 
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as 4 x 10 s V/cn. Other materials exhibiting electrical and 
mechanical properties similar to ceramic oaterials could 
also be used as insulation. 

wind-and -react coils famed with multi-filament 
composite conductors have different insulation thickness 
requirements than vind-and-react coils forced with mono- 
filament wires, tt is well Known in ch-i art that thin 
suparconductinq regions arc necessary to cocain high 
critical-current densities for the DSCCO faaily o: 
superconductors. The spt inus .irurrnRt-Rarryiruj p»rf :ir.i«nce 
for mono-f ilaocnt composite conductors is nnrmully achieved 
when the thichness of the supor conduct inq regions is on the 
order of 10 urn. In comparison, the thickness of multi- 
filament composite conductors is a function of the number 
and configuration of tho superconducting regions, and can be 
flexibly controlled. Thus, the ratio of the thickness of 
tho insulation layer relative to the conducting region can 
be decreased in multi-filament composite conductors. This 
also allows robust multi- filament composite conductors to be 
febricaced which can be made arbitrarily thick, and far less 
susceptible to damage during processing steps than their 
necessarily thinner mono-f i lament counterparts. 

During the final heat treatment, the insulation 
also acts as a casing which holds the matrix -forming 
material (which is considerably weakened during heat 
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:reotinq) and the superconductor precursor together, and 
therefore must not be susceptible to decomposition. 
Furthermore, it is undesirable for the insulating material 
to react with the composite precursor during the heat 
5 treating. Materials such »s chromium, which may be present 
in some ceramic materials, can diffuse through silver and 
may react with the superconducting material. Quartz. 
Alumina, zirconia. and magnesium are not able to diffuse 
through the silver matrix-forming material at high 
lo temperatures . and do not decompose vh*»n subjected to hiqh 
temperatures, and thus represent suitable materials for 
insulation. 

In some cases, the material used to insulate the 
conductor is considered to be a precursor until a heating 

15 step is performed, resulting in the formation of the 

insulating layer. Alternatively, the insulating material may 
not exist in a precursor state. In this case, a heating step 
■ay be used to remove dirt and other impurities, although 
such a heating step may not necessarily alter the chemical 

20 composition of the insulating material. In addition, a 

heating step may improve the mechanical properties of the 
insulation without chanqing the actual insulation 
properties. 

Ceramic materials usod as the precursors to 
25 insulation materials can be in the form of either a solid. 




BNSDOCID- <AU 739105B2 I > 



71 



5.5 2 *. 5 S."* 



such as a rape containing ceranic fibers, or a slurry, 
defined as a mixture of a solid particulate suspended by- 
liquid. In a preferred embodieent, a cloth containing Sio, 
fibers is used as the insulating material. This material 
5 does not exist in a precursor state, but a heating step nay 
result in the removal of dirt and other impurities, thus 
improving the robust.n^xs of the nlofh. 

Suitable solid-based materials should be flexible so 
that they can be forned into a cuil vith tne precursor to 
10 the conductor, wnile liquid-based materials should adhere to 
the precursor to th« conductor, forming a taint inuous 
coating. Ceramic slurries and cloths both containing 
insulating materials may be used ns the liquid-based and 
solid-based materials, respectively. 
IS in a preferred embodiment of the present invention, 

a solid-based insulating layer is fanned by attaching a 
cloth material composed of quart: fibers having «± thickness 
between 10 - 230 uo and a width equal to the width of the 
precursor to the composite conductor. Quart: cloth is 
20 porous, and is chosen because of strength, flexibility, and 
its ability to resist degradation when exposed to high 
temperatures. In alternate embodiments, cloths woven from 
other ceramic fibers, such as iirconia and A1 2 0 3 , are used. 
Typically, a binder composed of an adhesive polymer is used 
25 to hold the fibers of the cloth together. The insulation 
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can be applied by co-winding a single layer of the cloth 
during the uoil formation step, or braiding multiple layers 
of the cloth around the precursor to Che conductor at any 
tine prior to the coil formation step. The binder of the 
5 ceramic insulating cloth can be removed by subjecting the 
insulation to a heating step following coil winding. This 
typically involves oxposing the cloth to a temperature 
greater than about 450 °C for a tine pcr-icd of about 3 
hours- Alternatively, the heat treating stops used to 

10 optimize the electrical and mechanical properties of the 
composite conductor can be used to renovc the binder - 

In an alternate embodiment, a liquid-based 
insulation layer is formed around the precursor to the 
aulti-f i laaont composite conductor as described in U.S. 

IS Patent 5,140,006, which is herein incorporated by reference. 
The insulating layer is formed by first immersing the 
precursor to the mult i- filament composite conductor in the 
slurry, resulting in adhesion of the particulate to i".s 
outer surface. The precursor to the conductor is then 

20 removed from the slurry, and subjected to a processing step 
consisting of heating the particulate material to a 
temperature of greater than 600 °C for a time period of 
about 15 hours, resultinq in the calcination of the 
particulate material and the formation of the insulation 

25 layer. The liquid-based insulation layer can also be 
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calcined during the heat treat in j stcpr. cl Che process ina 
oethod used to optinuze the electrical on ncchiinical 
properties of the conductor. Doth heating processes result 
in the tor-nation of the ceramic insulating layer and th* 
5 evaporation and deeomposit ion of the solvent/dispcrsant. 
leaving a thin ceraaic film having a thickness typically 
between l and ibo un. 
Coll Formation 

Oxidation of the precursor to the mul ti -fi lament 

10 composite conductor rfunnq nne* '.redtaent ir. crucial to the 
overall performance of the superconducting aatenal. Steps 
mist therefore be taken to insure that precursors to 
composite conductors wound into coils have adequate access 
to the oxidizinq environment . One way to accomplish .this ts 

15 by forming a "pancake" coil in which the precursor is formed 
into- a tape and wrapped in concentric layers around a 
mandrel to form a spiral pattern, with each layer wound 
directly on top of the preceding inrer layer. This allows 
the outer edge of tne precursor to be exposed to the oxygen 

20 atmosphere along its entire length during the final stop of 
the vind-and- react processing method. 

Referring to Figure 5, in a preferred embodiment of 
the invention, a mandrel 30 is held in place by a windLng 
flange 32 mounted in a lathe chuck 31. which can be rotated 

2S at various angular speeds by a device such as a lathe or 
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rotary motor. The precursor to tho du It i - f i lancnt coapositc 
conductor forecd in the snap* of a tape 33 is initially 
wrapped around a conductor spool 34, and a cloth 37 
coaprisinq an insulating oaterial is vrapped around an 
5 insulation spool IB. noth ot vhinh are oounted on an are 35. 
The tension of the tape 33 and the cloth 37 are set by 
adjustinq the tension brakes 39 to the desired settings. A 
typical value ror the tensio.ial force is between 1 - 5 lbs., 
although the amount can be adjusted for coils requirinq 

13 different winding :t#*ns i 1 3 «»s. The rroil ioremq procedure is 
accomplished by guiding r.hr «»v«nr.uii i conducting and 
insulatinq materials onto the rotating material forming the 
central axis of the coil. Additional storage spools 36 are 
also mounted on the winding shaft 32 in order to store 

15 portions of the tape 33 intended to be wound after the 

initial portions of oaterials stored on spool 34 on the ana 
15 have been wound onto the mandrel. 

In order to form a coil 40, the mandrel 30 is placed 
on the winding shaft 3 2 next to storaqe spools 36 and the 

20 devices are rotated in a clockwise or counter-clockwise 
direction by the lathe chuck 31. In certain preferred 
embodiments of the invention, a "pancake" coil is formed by 
co-winding layers of the tape 33 and th« cloth 37 onto the 
rotatinq mandrel 30. Subsequent layers of the tape 3 3 and 

25 cloth 37 are then co-wound directly on top ot the preceding 
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layers, forming a -pancake" coil laving a haiq.lt 4 1 equal 
the width of the tape 33- The "pancake" coil allows both 
edges of the entire length of tape to be evposed to the 
oxidizing environment during the heat treating step, 
b in other preferred embodiments of the invention, a 

double "pancaku" coil nay be forced by first mounting the 
mandrel 30 on the windinq shaft 32 which is counted in lathe 
chuck 31. K storaqn spool J 6 is nu*mr.ed or. the winding ana ft 
32, and half of the total lencth of the tape J 3 initially 

10 wrapped around spool 34 is wound onr.o the steraqo r.pool 1ft, 
resulting in the length of tape 13 being snared between the 
two spools. The spool 3 4 mounted to the arm 2 5 contains the 
first half of the length of tape 13, and the storage spool 
16 containing the second half of the tape 33 is secured so 

15 that it does not rotate relative to mandrel 30. The cloth 37 
wound on the insulation spool 38 is then counted on the arc 
35. The mandrel is then rotated, and the cloth 37 is co- 
wound onto the mandrel 30 with the first half of the tape 3 3 
to Corn a single "pancake" coil. Thermocouple wire is 

20 wrapped around the first "pancake" coll in order to secure 

it to the mandrel. The winding shaft 32 is then removed from 
the lathe chuck 31, and the storage spool 36 containing the 
second half of the length of tape 3 3 is mounted on arm 35. A 
layer of insulating material Is then placed against the 

25 first -pancake" coil, and the second half of the tape 33 and 
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the cloth 37 arr then co-wound or. the ajndrcl 30 using the 
process described above. This results in the formation of a 
second "pancake" coil adjacent to the -pancake" coil formed 
initially, with a layer of insulating material separating 
5 the two coils. Thermocouple wire is then wrapped around the 
second "pancake" coil to support, the coil structure during 
the final heat treatment. Voltaqe taps and thermo-couple 
wire can be attached at various points on the tape 3 3 of the 
douole "pancake" coil in order to monitor the temperature 

to and electrical be.iavior of the coii. In addition. aU coils 
can be impregnated with epoxy after heat treating in order 
to ioprove insulation properties and hold the various layers 
firmly in place. The double "pancake- coil allows one edge 
of the entire lenqth of tape to be exposed directly to the 

15 oxidizing environment during the final heat treating step. 

In addition to providing oxygen access to the 
precursor to the superconducting material, the coil winding 
step can result in strengthening the matrix- forming 
material, straining of silver, *s well as other metals, 

20 during coil winding results in "strain hardening", a 

phenomenon which increases the ability of the metal to 
withstand an imparted stress. Because multi-fi lament 
composite conductors have metal regions surrounding the 
isolated superconducting regions, "strain hardening" 

2 5 strengthens the metal uniformly across the conductor cross 
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section. This is not the case tor raono-f iianent conductors, 
where the matrix- torminq material surrounds the 
superconducting region in the core of the conductor, and 
•strain hardening" only strengthens the outer odges of the 
5 conductor . 

Pinal Beat Treatment 

After winding, the ceil wound with the precursor to 
the nulti-f i lament composite conductor is subjected to a 
final heat treating procrsr., the general parameters of which 
10 have been described in detail (Riley «t il.. American 

Superconductor Corporation, "rnprnved Processing for oxide 
Superconductors" , S/N 08041B22, U.S. Patent Pending). The 
final heat treating process of the present invention has 
been adapted to treat precursors to composite conductors 
IS wound into coils, and detailed descriptions of several final 
heat treating steps are included in the Examples described 
hereinafter. 

The purpose of the final h9.it treatecnt is to 
convert the precursor to the composite conductor to the 
20 desired superconducting material, while at the sate time 

heal micro-cracks and other defects incurred durinq winding. 
Typically, the final heat treatment involves hcatinq the 
coil to a temperature in the range of 780 - 860 *C for a 
period of time substantially in the range of 0.1 nr. to 300 
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hr.. typical ly in an oxidising er.vi-onaent havinq a pO, in 
the range of 0.001 - 1.0 atm. 

Ouring the final heat treating step of the present 
invention, two central processing problems specific to wind- 
and-react coils formed with the precursors to multi-fi lament 
coaposite conductors =ust be overcone: 1> proper oxygen 
access oust bo provided for the precursor; and 2) "sagging" 
of the precursor, induced by weaxening ot the natr ix-foraing 
material during heating, oust be coapensaccd lor. Because of 
the strict qeooerrit: tolerances required for coils, the 
processing envircnaent aust not decoapose the insulating 
material or cause detrimental "sagging" in the matrix- 
forcing material. 

The oxygen-access requirements for the precursors to 
aulti- and mono-f ilaoent coaposite conductors differ because 
of the distribution of the superconducting precursor 
material in the composite. The increase in the relative 
surface area of the interfaciai regions in the multi- 
filament composite conductor allows for improved oxygen 
access to the oxide precursor during the heat treating step. 
As discussed in Ofcada et al.. U.S. Patent No. 5,063,200, the 
diffusivity of oxygen is much higher in a matrix- forming 
material made of silver than in the superconducting rogions. 
The increase in the surface area of interfaciai regions in 
the multi-filament composite conductor results in better 
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exposure of the superconducting regions to oxygen, resulting 

in the optimization of the electrical properties of the 

superconducting oxide. 

As discussed herein, oxygen access can be increased 

to the precursor of the superconducting material by using a 
ceramic Insulation notorial having a suitable thickness. 
Oxygen access can also be increased fcy oodifyinq the 
geometry of the coil in the furnace. To provide sufficient 
oxygen access, "pancake" or double "pancake" coils can be 
vound <is described above. During tnc heat treating step, the 
coll can be placed on a oxygeifporsus , honeycomb mantle to 
provide increased oxyqen uccess to the coil during 
processing. 

The presence of the mandrel also has to be 
accounted for in the wind -and -react process. The mandrel can 
become oxidized, and can also block oxygen access to the 
conductor. In a particular embodisent of the invention, the 
mandrel is made of silver, which is oxygen pemeable at high 
temperatures, and thus allows increased exposure of the 
precursor to the mult i- filament conductor to oxygen during 
processing. Furthermore, a mandrel composed of the same 
material as the matrix-farming material (ie., silver) will 
exhibit the same thermal expansion and contraction 
properties, thus reducing strain incurred during heating and 
cooling steps of the processing method. 
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The ability of the precursor to the ault i-t i lament 
composite to undergo improved crack healing during the final 
heat treating step is also improved relative to mono- 
filament composites due to the increase in the 
superconductor/matrix- corning material interfacial regions. 
Because the surf acc-to-volumo ratio of the superconducting 
region increases as the sizes or the individual regions are 
decreased, nulti-f ilament compos itts will necessarily have 
an increased amount of interfacial regions when compared to 
oono-f i lament composite* naving the same fill (actor. 
Successful crack healing depends cn partial neltinq of the 
superconducting regions during processing, which leads to 
coexisting liquid and solid oxide phases of the 
superconducting material. Recrystal Illation back into the 
superconducting oxide phase results in crack healing. It is 
well known in the art that the presence of silver lowers the 
melting point of the superconducting precursor material. 
This effect will therefore be more prominent in multi- 
filament composite conductors because of the increased 
surface area of Interfacial regions. 

In addition, the thermal conductivity of the silver 
matrix-forming material is significantly hiqhor than that of 
the superconducting precursor material. The thermal 
gradient across the superconducting regions during 
processing will therefore be increased as the cross- 
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sectional size ot the regicn is increased. The decrease in 
size of the superconducting regions in the oulti- f » lament 
composite conductors results in a more uniforn heating field 
being applied to the superconducting material because of the 
S increased inter mciat region. This results in partial 

melting of the superconducting region of the cult i-f ilamenc 
composite conductor occurring at a lower terc;»«raturc and 
beinq more untforra than for seno-f i lament coapos i to 
conductors. 

10 when heated to the higf - . r eTtp«r.»turus of tne final 

heat treating stup, silver docs not melt but is essentially 
left without strength. A conductor wound in a coil geometry 
can therefore "sag", or deform under its own weight, 
resulting in a decrease in the winding density. Furthermore. 

IS the complex winding densities used to provide the coil with 
sufficient oxygen access arc more likely to expose the 
mult i-f i lament composite conductor to non-uniform 
temperature distributions, resulting in unpredictable 
"sagqinq" of the composite conductor during heating. These 

20 problems are overcome by using a thermocouple wire, or other 
heat-res itant wire, to restrain the layers of insulated 
composite precursor during heat treatment. Coils can also be 
mounted with their central axis vertical in order to reduce 
the effects of "sagging". 
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Once the superconducting state is achieved, 
critical-current densities in the conductor are strongly 
dependent: on filaoent thickness, conductor thickness, and 
filament position within the conductor. Filament thickness 
5 is typically on the order of 17 wo, and overall conductor 
thickness is typically 175 jm. Kulti-f ilanent composite 
conductors used in superconducting magnetic coils processed 
with the wind-and-rcact sethod can typically exhibit 
critical-current values between about 1-20 ABperes at 77 
10 °X in self field, depending on th« nunber cf conductors 

surrounded by a single, insulating layer. The values of the 
critical-current is particularly sensitive to the magnetic 
field perpendicular to the wide portion of the conductor 
surface. 

15 Electro-M e chanical Proparties of Hill t i- 1 lUaent CPBPPa l f 
ggnduc_tora Proeaaaed with the llnd-and-React Method. 

Kulti-f Ilanent composite conductors processed with 
the method of the present invention have higher strain 
tolerances than mono-Ci lament composite conductors due to 
20 the strain-dependent properties of the superconducting 
regions and the matrix- forming material. For most 
superconducting materials, the critical current is 
independent of the amount of tensile strain (that is, strain 
associated with the tension of the conductor) unless the 




BNSDOCID: <AU 739105B2 I > 



95 



critical strain of the material j exceeded. When CM is 
occurs, the thickness of the induced oicro-cracKs is 
proportional to the tensile strain, and th« eaxioun 
critical-current value supported by the superconductor is 
decreased significantly. This relationship between 
critical-curren- and tensile strain is illustrated in Figure 
6 for a taaple of mult I- filament tonpositc conductor 15 ca 
in length and cut from one end of a JO a long conductor. The 
critical-strain for this particular saoplc is about 0.54\. 
At strains exceeding the «:ri t ics I -sera in value of The 
conductor, the cr i t tea 1 -current decreases asyapr.nticaily 
cowards about > kA/ca : . It the local tensile strain is 
significantly greater than the critical strain value of the 
precursor to the conducting material, micro-crock formation 
can occur to such an extent that crack healing becomes 
impossible. Because critical strain values are typically 
much greater for multi-filament composite conductors 
compared to mono-filament composite conductors, it is 
possible to subject the superconducting region to higher 
tensional strains during coil vindinq without the conductor 
incurring irreparable damage. 

A decrease in critical-current density for both 
multi- and mono-filament composite conductors can also occur 
whan the current generocing the magnetic field rapidly 
increases or decreases, or otherwise oscillates with time. 



In general, losses due to jlcern.uinq currents in conductors 
can be reduced by subdivision of the superconducting 
regions, and will therefore be less severe for oulti- 
filament composite conductors. A detailed discussion of 
5 this phenomenon can be found in M.N. Wilson. Superconducting 
Magnets . Monographs on Cryogenics, clarendon Press, Oxford, 
1983. 

Referring now to figure 7. another advantage of the 
proccusing method in accordance with the present invention 

10 is illustrated by the grapn which aiors critical-current 

densities measured in BSCCO ( 2 2 2 J } composite conductors as a 
function of bend strain. The critical strain values of the 
conductors were in the range of 0.3 - 0.51. In the 
experiment, bend strain, normally incurred through winding, 

15 was simulated by bending composite conductors to various 
radii. After the bending, conductors were exposed to a 
sintering step. Following heating, the current density was 
measured across the bent section of the conductor. 

The insensitivi ty and high value of the critical- 

20 current density supported by the conductor in the presence 
of bend strains in excess of the critical strain of the 
conductor clearly demonstrates the crack healing ability of 
a multi-filament composite conductor. Although critical- 
current density initially decreases by about 10% for small 

25 bend strains (from cowpnrison with the critical-current 
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value of about 11.2 a 10 3 A/ca : ac :ero bend strain), the 
critical-current density is relatively insensitive to valuer, 
of bend strain up to nearly 51. Tor a conductor thickness of 
175 jiB. a 5* bend strain corresponds to a bend radius of 
5 about 1.6 aua. 

Raferrinq now to Figure fi, further benefits of wind- 
and-rcact processing ot oult i -f i laoent composite conductors 
arc illustrated by conparinq the normalised critical-current 
density as a function of bend strain for fault i-f i laoent 
10 composite BiiCCO {22?}} converters processed with deferent 
oethods. Conductors proenssed wic.n the wind -and -re act 
processing nethod were tirst bent and then subjected to a 
final heat treating step, while the react -and-vind 
processing conditions comprised heat treating the conductor. 
15 Lnducinq the dasirAfi bend strain, and finally ooar.uring the 
current density across the bent section of the conductors. 

At 1% bend strain, the critical-current density 
supported by the conductor treated under the react-and-wind 
processing conditions is reduced to 0% of its aaximua value 
20 (measured at 0% bend strain). In comparison, at 1% bend 
strain, the critical -current density supported by the 
conductor treated under the wind-and-react processing 
conditions is minimally reduced to 83% of its maximum value, 
indicating the advantage of the processing oethod of the 
25 present invention. 
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?AT iatlons of Wind -and-Beact Co U2 

In commercial applications, the success nf the wind- 
and-react processing method is dependent on the influence of 
Che processing environaent on the superconducting material. 
G Principally, two factors contribute to this influence: I) 
the susceptibility of the precursor of the eventual 
superconducting material to temperature during the sintering 
steps; and, 2) tnc permeability of silver to oxygen at 
temperatures in excess of S0O-C. The first factor allows 

10 successful B»i<:ro-crach h*al;r.g by rrclt:na and 

recryctallizing ch« supwrconduct ing grains during the 
sintering (and the suasoquenr. coo iinai. ..steps of the 
inventive method, and the second factor permits exposure of 
the precursor to the ~u 1 1 i- f i lament composite conductor to 

15 oxygen, which facilitates oicro-structural qrovth of the 

superconducting grains. Both factors will be influenced by 
the design and physical dimensions of the various coil 
types. 

Because the coil ic subjected to a finol heat 
20 treating process, the design tolerances are of particular 

importance. The multi-f i lament composite conductors used to 
form the coils must have the length and width dimensions 
kept as uniform ar. possible. Tf multiple coils are to be 
stacked, it is important to fabricate coils having uniform - 
2b geometric sizes, and to minimize deformation during the heat 
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treating process. This ultimately results in final coil 
designs having high winding and packing densities, which arc 
critical in determining the resultant magnetic field. 

Referring now to Figure 9, a layer-wound solenoid 
superconducting coil SO processed by the wind-and-rcact 
method of the present invention has a mandrel 53 wrapped by 
a duI ti-f ilaaent composite conductor 51, which has a ceramic 
insulation covering 52 wrapped around it. The designs and 
thermal properties of the superconducting coil 30 and 
mandrel 5.1 have substantial influences on the naacing and 
oxygenation of the superconducting material encased in the 
muiti-f i laaent composite conductor 51. For exacple, if the 
heat capacity of the mandrel 53 is large, the temperature 
cooling rates of the heat treating steps of the present 
processing method may have to be increased in order for the 
coil to thermally equilibrate at low temperatures in the 
required amount of time. Similarly, the amount of heat 
transferred from mandrel S3 to the mult i- Ci lament composite 
conductor 51 win bo dependent on the size of the mandrel, 
with larger mandrels dissipating more heat to the 
surrounding conductor than smaller mandrels. 

Referring now to Figures 10 and 10a, a preferred 
embodiment of the "pancake" superconducting magnetic coil 67 
wound with multi-filament composite conductor 66 ic shown. 
To ensure that the mul ti -f I lament composite conductor 66 
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receives accoptacle exposure to oxygen during the final 
sintering step of the vind-and-react process, the precursor 
to the oulti-f iiaracnt composite conductor, which has a 
flattened ribbon or tape configuration, is wrapped in layers 
5 concentrically around a mandrel 65 fonninu a spiral pattern. 
Each layer is wound directly on top of the preceding inner 
layer, making the height h of the coil 67 equal to the width 
of tape. Figure 10a shows a top view of Che illustrated 
embodiment of the conductor in Figure io, and illustrates 
10 how the outer edge or the precursor to the composite 

conductor is exposed to the oxyqen atmosphere a lung its 
entire length during the heat treating step cf the wind-and- 
react processing method. 

The "pancake- coil 67 is desirable because it 
15 provides a configuration in which the multi-filament 

composite conductor 66 has a high winding density, while 
maintaining suitable oxygen exposure for the multi-filament 
composite conductor 66 during the final heat treatment step, 
tn an embodiment of the present invention, approximately 20 
20 layers of the precursor to Che multi-filament composite 
conductor are used to wrap the mandrel 65, with the total 
length used being about 100 cm. Using a BSCCO (2223) 
conductor with 19 filaments, the illustrated embodiment of 
the invention is capable of supporting a current of about 15 
2 5 Amperes at 77 K, with an associated magnetic field being as 
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largo as about 100 Cause This ::oil is expected to pertora 
at a higher level than 4 coil having a layer-wound 
configuration (Tigure 9) treated with the wind-and-react 
processing method. For this latter case, only the outer 
surface of the winding is exposed to the oxidizing 
atmosphere during final processing, and the. «lectrical 
properties ot the conducting outer ial are thus expected to 
be inferior. 

Tn an alternate cneodinent of the present 
invention, it «*• -«t<ir.d i no "pancake" coils c*n b« fabricstrd 
by removing the sandrei fron the center of the coil. This 
embodiment can be desirable because elimination of the 
mandrel results in reduced cycling stress which results from 
thermal expansion of the mandrel during heating and cooling 
steps. 

Refemnq now to Fiqure iOb. in another alternate 
embodiment of the present invention, the "pancake" coil can 
be formed around a mandrel having a cross section with a 
primarily elliptical, "racetrack- shape, rather than the 
circular cross section of the "pancake" coil illustrated in 
Figure 10a. In other alternate ambodiaents of the present 
invention, mandrels having arbitrary shapes and sizes can be 
used to support the multi-filament composite conductor. 

In another preferred embodiment of the invention, 
double "pancake" coils having circular or primarily 
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elliptical ("racetrack") shaped cross sections can be formed 
using the windinq process described herein. This coil 
oeometry comprises two adjacent sinqle "pancake" coils wound 
from a sinqle tape comprising the precursor to a nulti- 
5 filament composite conductor, with the adjacent coils 

sharing the same central axis. In this geometry, each end of 
the tape forming the two coils is on the outer surface of 
the coil, thereby eliminating electrical connections inside 
the coils. 

10 In another alternate enbortiment of the invention, 

the winding density of the coil nay be increased by co- 
winding two or more portionu of tape comprising the 
precursor to the mult i -f i lament composite conductors 
together with a sinqle cloth comprising the precursor to an 

15 insulating material, and then for-ming the cloth and tape 

into a sinqle or double "pancake- (or "racetrack") coil. Co- 
winding multiple strands of conductor in this fashion is 
effectively the same as wiring multiple conductors In 
parallel, and coils formed in this manner can achieve even 

20 higher windinq densities while minimizing the amount of 
insulation in the coil. 

Referring now to Flqure 11. which shows a side view 
of another preferred embodiment of the invention, and Fiq\ire 
11a. which shows a cross-sectional view of the same 

25 embodiment, a mechanically robust, high-performance 
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superconducting coil assembly 7C combines multiple double 
"pancake" coil* 71 each having co-wound mu it t-f ilaoent 
composite conductors. In the coil assembly 70, double 
"pancake" coils 71 having (our co-wound conductors wound m 
parallel are stacked coaxiaily on top of each other, with 
adjacent coils separated by a layer of ceramic insulation 
72. A tubular oandrej 74 supports the coils 71. End flanqe 
77 is welded to the top of the tubular nancrcl 74, and end 
flange 76 threads onto the opposite end of the tubular 
mandrel 74 m order to compress the rouble "pancake" coils 
71, In an alternate embodiment, the tubular mandrel 74 and 
the two end flanqes can be removed to form a free-standing 
coil assembly. 

A segment of superconducting material 76 is used to 
connect the double "pancake" coil adjacent to end flange 76 
to termination post 70 located on end flanqe 77. Individual 
coils are connected in series with short segments of 
superconducting material, and an additional length of 
superconducting material 82 connects the double "pancake" 
coil adjacent to end flange 77 to termination post 01. These 
electrical connections allow current to flow troo 
termination post Bl, through the individual coils, to 
termination post 79. The current is assueed to flow in a 
counter-clockwise direction, and the magnetic field vector 
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80 is normal to the end Mange ?7 taming the tcp °< c °il 
assembly 70. 

A particular advantaq* of coils featuring multi- 
filament coaposi.Ce conductors is ro laced to the thermal 
5 fatigue incurred throuqn heating ond cooling the coil, and 
io illustrated by the plot in Figure 3. The Figure plots the 
retention ot en t ica I -current for composite conductors 
(wound into coils) as a function of thermal cycles, which 
ore defined ac tho processes of cooling the coil down to 

10 cryoqenic temperatures and then hnasincj the coil back to 

rooo temperature. Out* to the inherent lack ot flexibility of 
the mono-f iXanent conpouite conductor, the coil performance 
is decreased severely after 5 thermal cycles, with the 
critical -current retention dropping to ID* of its maximum 

10 value. In contract, the coil wound with mu Lti-f ilament 

composite conductor shows no significant decrease in coil 
performance aftor 5 thermal cycles, with the critical- 
current dencity retaining qreater than OS* of its maximum 
value . 

20 Esanmia s 

The following Examples arc used to describe the 
wind-and-react processing method of the present invention, 
example i - L«T ar ~* eUBd Solenoid Coil 

The precursor to the cuperconductinq phase of BSCCO 

2 5 (222 3) was packed into * silver tube having an inner 
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diaoeter of 1.59 c=, a length of 13.97 cn, and a wall 
thickness of 0.38 cd to form a billet. A wire was then 
formed by initially extruding the billet to a diameter of 
0.63 cn, with subsequent drawinq steps reducing the .ire 
cross section to a hexagonal shape o. 18 cs in width. 
Nineteen sioildr wires were then bundled together and drawn 
through a round die having a diacctcr of 0- 13 to fern a 
precursor to a nulti-f ilanent composite conductor having a 
circular cross section. The precursor was then rolled to 
form a nult i -f i laeent composite tape 30 a in length having a 
rectangular (o.i's ca x 0.03 cd) crocs section. A single 
layer of Nextel ceramic fiber having a thicknesr. of 0.002 cn 
was braided around the multi - f i lament composite tape prior 
to the final sintering. 

The iayor -wound solenoid coil was formed by winding 
the insulated mult i- filament composite tape around a 
cylindrical mandrel having height of 1.00 cm and a diameter 
of i.27 cm. Two circular flanges, each having a diameter of 
6.01 cm, were welded to each face of the nandrel. Doth the 
mandrel and circular flanges were composed of Haynes 2l«, a 
nickel -based alloy. Radial slots were cut into each flanqe 
to promote oxygen access to the multi -filament composite 
tape during the final heat treating process. 

A section of composite tape was then wound once 
around the perinetcr of the mandrel, creating a bend strain 
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of about 61 in che conductor precursor. A ;;iyer of 
thermocouple wire was wrapped around the composite cape, 
thus securing it Co the mandrel. Two silver foil electrical 
terminations were connected Co the initial segments of the 
mu it i- filament composite Cape co farm the current and 
voltage leads, a sinqlc layer of Che mult i -filament 
composite tape was then wound helically alonq the Length ot 
the mandrel. The winding process wos repeated using the 
remaining portions of the coirpor.ite tape. resulCing in 30 
layers being wound onto the mandrel. The tinai scgaent ot 
the composite tup« was secured to tr.e nandrel with 
thermocouple wire, and electrical leads were attached as 
described above. 

The superconducting phase of the mult i -filament 
composite tape was formed by processing the solenoid coil 
with a final heat treating step comprising the steps of: 1) 
heating the coil from room temperature at a rate of 1 °c/min 
to a temperature of 820 °C in 0.O7S atm O z ; 2) heating the 
coil at 820 °C for S4 hours; 1) cooling the coil to a 10 °C 
and holding far JO hours; and 4) allowing the coil to cool 
to room temperature in l atm 0 2 . 

Electrical properties ot the coil were monitored 
using the voltage and current leads attached to the initial 
and final segments of the insulated multi-filament composite 
conductor. The critical current of the coil at 77 °K was 
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□ensurnd to be 1.6 Amperes, with tfic nagne.ic field in the 
center of the coil calculated to be 150 Gauss. 
Example 2 - "Pancake" Coil 

The precursor to the raulti -f ilament composite 
conductor was formed using the deformation and rebundlinq 
processes described in Example 1, and then rolled to fora a 
2.? d lonq oulti-fUiiient composite tape having a thickness 
of 0.02 ca and a width ot 0.25 ca. A Nextcl ccraaic fiber 
having an adhesive binder was braided arcund r.ne composite 
*_ape prior zo coil formation. 

A single layer ot composite tap* was then wound 
onto a mandrel cade from Haynes 214 alloy and having a bore 
diameter of 1.25 ca. creating a bend strain in the multi- 
filament composite tape similar to the value described in 
the previous Example. Thermocouple wire and electrical 
terminations (voltage and current leads) were attached to 
the initial layer of composite tape as described in Example 
1. A 28-layer "pancake" coil having an outer dinaater of 
6.7 3 co was formed by winding the remaining length of the 
multi-fl lament composite tape onto the mandrel, with each 
successive turn forming a layer of composite tape directly 
on top of the previous layer, electrical terminations and 
thermocouple wire were attached to the outer layer of the 
multi-filament composite tape as described in Example 1. 
Following the winding process, the "pancake" coil was 
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subjected to tvo separate heat treating processes. The 
initial process was used to rcoovc the adhesive binder from 
the Mextel ceraaic fiber m.iulacinq Layer, and coaprised the 
steps of: I) heating the coil froo roon temperature to 350 
5 °C at a rate of 5 °C/oin; 2) heating the coil at 550 °C tor 
15 hours; and 3) allowing the coil to cool to rooa 
temperature. The formation ot the superconducting phase in 
the insulated cooposite tape was accomplished with a final 
heat treating step, comprising the steps of : 1> Seating the 
10 coil from room temperature to 990 °c at * rata of 10 °C/oin 
in 0.75 atn 0 } ; 2) immediately caollnq the coil at a rate of 
10 °C/min to 6 10 °C; J) heating the coil at 810 P C for 100 
hours; 4) cooling the coil at a rate of 10 °C/min to 700 °C; 
and 5) allowing the coil to cool to room temperature. 
15 Electrical properties of the "pancake" coil were 

monitored using the voltage and current leads attached to 
the initial and final layers of the coil. The critical 
curront of the coil at 77 °* was measured to be 1.35 
Amperes, with the magnetic field in the center of the coil 
20 calculated to be 65 cause. 

Example 1 - Double "Pancake** Coil 

The multi-filament composite tape was formed ucing 
the deformation «ind rebundling processes described in 
Example 2. Four different sections of multi-filament 
25 composite tape and a section of quart: cloth were then wound 
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onto five separate spools, eacr of which was nountrd cn the 
dm of the coil winding device shown in Figure 5. 

Using the double "pancake" winding procedure 
described previously, portions of the tour sections of 
5 multi-fi lament composite tape were then co-wound with the 
quartz cloth onto a mandrel oade of silver and having nn 
internal diameter of 2-86 cm. A single layer of the coil 
thus comprised four portions of composite tape wound on tap 
of each other, with <s single oortion of quarts cloth wound 
•10 on top ot the. fnrrh layer. The bend strain of the composite 
tape in the first layer of the coil was estimated to bo 
0.50*. The co-winding procedure for the double "pancake" 
coil was repeated to form two "pancake" coils, each having 
55 layers, with the coils separated by a thin insulating 
15 sheet comprising quart* fibers. The final outer diameter of 
the double "pancake" coil was approximately 10. 0 cm. 

The binder was removed from the insulation layer 
using the initial heat treating process described above. The 
formation of the superconducting phase in the insulated 
20 multi-f 1 lament composite tape sections of the double 

"pancake** coil was accomplished with a final heat treating 
step comprising the steps of: I) heating the coil at a 
temperature ot 20 °C for 1 hour; 2) increasing the 
temperature at a rate of 10 °C/min to 789 °C; 3) increasing 
2 5 the temperature at a rate of 1 °C/min to 830 °C; *) heating 
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the coil at 8 30 C C tor 4 0 t.^jm; 5) cooling Che coil at a 
rate of 1 °C/E»in to 811 °C; 6) heating the coil at 811 °C 
tor 120 hours; n cooling the coil at a rate of 5 °C/nin to 
787 °C; 8) heating the coil at 787 °C for 30 hours; and, 9) 
5 cooling the coil at rate of 5 0 c/min to cool to room 

tenperature. The atmosphere was coaprisod of 7.5* 0 2 for all 
steps of the final heat treating step. i*ol lowing the 
processing steps, the mandrel was removed and the double 
"pancake" coil vas impregnated with cpoxy in order to hold 

10 the layers of insulation and coopesite tape fimly in place. 

Electrical properties of the double "pancafce" coii 
were monitored using the voltage and current leads attached 
to the ends of the superconducting composite tape located on 
the outside surface of each "pancake" coil. The critical 

IS current of the coil at 77 °K was measured to be 18.9 

Amperes, with the self field calculated to be 250 Gauss, 
example 4 - Stacked Double "Pancake" Coils 

Eight double "pancake" coile were individually 
fabricated and heat treated as described in Example 3. After 

20 removing each of the mandrels, the coils were then co- 
ex ially stacked on top of each other and supported by en 
aluminum tube having a height of 7.60 cm and a diameter of 
2.86 cm which was placed through the center of the coils. An 
aluminum flange was welded to the top of the tube, and 

25 another flange was threaded to the bottom section of the 
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tube in order to compress the par.jaxe coils toqcther. 
Termination posts were attached to the top portion of the 
end flange in order to monitor the current and voltage 
values of the coil. 

In order to join individual coils together in a 
series circuit, electrical connections consisting of short 
lenqths of mult i- fi lament composite tape containing 
superconducting USCCO (2223) were soldered to the ends of 
the composite tape located en the outside surface of each 
douole "pancake" coil. Staildr lengths of oul t i- f ilamnnt 
composite tape were used to make current leads from the 
termination post to the coil. Resistive losses due to the 
soldered electrical terminations used to connect the coils 
in series were measured to be in the »fi regime. The critical 
current density of the stacked coils v«s similar to the 
value measured in Example 3, end the calculated field in the 
center of the coil was approximately 4,000 Gauss at 77 °K. 

The foregoinq descriptions of preferred embodiments 
or the processing methods and related Inventions have been 
presented for purposes of illustration and description. They 
are not intended to be exhaustive or to limit the invention 
to the precise form disclosed. The embodiments chosen are 
described in order to beet explain the principles of the 
processing method and invention. 
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS: 

1 . A magnetic coil comprising sections positioned axially along a longitudinal axis of the 
coil, each section including a high temperature superconductor wound about the longitudinal 

5 axis of the coil, each section having regions with critical current values, measured at a zero 
magnetic field, increasing in value from a central portion of the coil to end portions of the 
coil. 

2. The magnetic coil of claim 1 wherein the critical current value of each region is 
10 dependent on the type or superconductor and the angular orientation of a magnetic field of the 

coil. 

3. The magnetic coil of claim 1 wherein the critical current values of the regions of the 
sections decrease in value from an inner radial portion of the coil, proximate to the 

1 5 longitudinal axis of the coil, to an outer radial portion of the coil. 

4. The magnetic coil of claim 1 wherein the critical current values of the regions arc 
varied by varying the cross-sectional area of the superconductor of the regions of each 
section. 

20 

5. The magnetic coil of claim 4 wherein the superconductor is formed as a 
superconductor tape comprising a multi-filament composite superconductor including 
individual superconducting filaments which extend the length of the multi-filament composite 
conductor and are surrounded by a inatrix-forming material. 

25 

6. The magnetic coil of claim 5 wherein the cross -sect tonal area of the superconductor 
oT the regions is varied in a direction parallel to the longitudinal axis of the coil. 

7. The magnetic coil of claim 6 wherein the cross-sectional area of the superconductor 
30 increases for the sections positioned at the central portion of the coil to the sections positioned 
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at the end portions of the coil. 

8. The magnetic coil of claim 5 wherein the cross-sectional area of the superconductor 
of the regions is varied in a direction transverse to the longitudinal axis of the coil. 

5 

9. The magnetic coil of cJaim 8 wherein the cross-sectional area of the superconductor 
for each section decreases from regions proximate to the inner radial portion of the coil to the 
outer radial portion of the coil. 

10 10. The magnetic coil of claim 5 wherein a number of individual superconducting 
filaments associated with a first one of the plurality of sections is different than a number of 
individual superconducting filaments associated with a second one of the plurality of sections. 

1 1 . The magnetic coil of claim 5 wherein the orientation of the individual superconducting 
15 filaments is other than parallel with respect to a conductor plane defined by a broad surface 

of the tape. 

12. The magnetic coil of claim 1 wherein the critical current value of each region is 
selected by changing the type of superconductor of at least one section. 

20 

13. The magnetic coil of claim 4 wherein the sections of the superconductor are formed 
of pancake coils and the cross-sectional area of the superconductor is varied by increasing the 
number of strands of superconductor in parallel. 

25 14. The magnetic coil of claim I wherein the sections of the superconductor are formed 
of double pancake coils. 

1 5 . The magnetic coil of claim I wherein the critical current values of the regions of each 
section are varied to provide a desired magnetic field profile for the coil. 
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16. The magnetic coil of claim 1 wherein the high temperature superconductor comprises 
Bi.SrjCajCUjO. 

17. A magnetic coil comprising sectioas positioned axially along a longitudinal axis of the 
5 coil, each section including a high temperature superconductor wound about the longitudinal 

axis of the coil, each section having regions with critical current values, the critical current 
values being substantially equal when a preselected operating current is provided through the 
superconducting coil. 
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